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CHAPTER 1: INTRODUCTION  
 
1.1 Background and state of art 
 
1.1.1 Textured or “engineered” surfaces 
 
In recent years, the development of mechanical components with high-precision 
micro-textured or “engineered” surfaces is being increased due to their wide range 
of applications in various industrial fields, such as electronics, energy, optics, 
mechanical, tribology, and biology [1,2]. Some authors has defined “Structured 
surfaces" as surfaces with a deterministic pattern of usually high aspect ratio 
geometric features designed to give a specific function, while “Engineered surfaces" 
are the surfaces where the manufacturing process is optimized to generate 
variation in geometry and/or near surface material properties to give a specific 
function [1]. 
 
A common method to fabricate those micro-scale features that compose the 
“structured surfaces” is using processes such as photolithography, chemical 
etching, plating, etc. [3,4] (fig. 1.1). However, deposition, or etch-based processes 
have some disadvantages such as limitation of the materials in which they can be 
applied, limitation on the geometry that can be produced, size limitations of the 
fabricated features, the necessity of expensive equipment, as well as the use of 
hazardous substances, between others.  
 
    
Fig. 1.1. Structured surfaces fabricated by photolithography processes [3,4] 
 
1.1.2 Non-lithography based micro-manufacturing processes 
 
In recent years, non-lithography based manufacturing processes have been also 
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applied for the fabrication of high-precision three dimensional products in a wide 
variety of materials and with features in the range of tens of micrometers to few 
millimeters [5,6], as it illustrated in fig. 1.2, where the size/precision domain of the 
micro-manufacturing processes is shown [6]. Some examples of the processes used 
for the fabrication of micro-structures are the micro electrical-discharge machining 
(EDM) [7,8], the micro-electrochemical machining (ECM) [9,10], the laser 
processing [11-14] and the mechanical cutting processes, such as micro-milling [15, 
16], micro-turning [17,18], micro-drilling [19], micro-grinding [20] and micro-
cutting with diamond tools [21-30] (fig. 1.3). 
 
 
Fig. 1.2 Micro-manufacturing size/precision domains [6] 
 
 
Fig. 1.3 Structures fabricated using non-lithography based processes [10,12,15,29] 
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1.1.2.1 Considerations for the application of non-lithography based processes 
 
It is possible to say that micro-products and components with miniaturized 
structures are almost everywhere in our lives. Some examples are sensors, 
actuators, motors, gears, optical lenses, heat exchangers, TV screens and 
components for miniaturized electronics such as mobile phones, MP3 players, CD 
players, etc. During the design of such components, it is necessary to consider the 
functional requirements as well as the micro-manufacturing related factors. This 
is because the manufacturing of these miniaturized products renders more 
significant challenges, in comparison to the manufacture of macro-products [5]. 
The following are some typical issues to be addressed: 
 Dimensions of the parts/products: Overall dimensions of a part/product, like 
diameters, widths, lengths and thicknesses, are very much constrained by the 
overall capabilities of the processes and manufacturing facility (machines, 
handling devices, tools, etc.). Both maximum and minimum dimensions are the 
parameters to be checked with reference to the manufacturing system’s 
capabilities. Complexity around dimensional scale issues is a dominant factor 
in micro/nano-manufacturing [5].  
 Part/component local features: Design of local features, such as hole/pocket 
radii and aspect ratios, widths/depths of channels or aspect ratios, wall 
thickness, area reductions, density of the local features, will be largely 
constrained by the processing capability in micro-manufacturing. Other 
relevant factor is the grain size effects of the material to be used. Local features 
will not only determine the tool geometry, but also affect stiffness/rigidity of 
the part/product structures [5]. 
 Shape capability: It considers the capability and/or limitation of a 
manufacturing process in dealing with the shapes to be produced. For example, 
a lot of processes are only able to deal with 2D/2.5D shapes while 3D shapes 
may need much more significant efforts such as new processes and expensive 
equipment [5].  
 Material capability: Compared to non-lithography processes, a large variety of 
materials can be used, depending on the characteristics of each micro-
manufacturing technique. However, the selection of a material for micro-
manufacturing will be constrained largely by the availability of the material 
for volume production, due to the limited number of the suppliers currently 
operating. Additionally, suppliers are not able to provide the material data 
relevant to micro-manufacturing, such as size effects and material properties 
(mechanical, thermal, electrical, magnetic properties, etc.) [5]. 
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 Characteristics of volume production: Prototyping in a lab scale is significantly 
different from manufacturing the products in a production-scale. 
Achievable/targeted production yield, which is prescribed largely by the 
capability of the processes, machinery, tools and auxiliary equipment, will have 
an influence on the selection of the materials for manufacturing and design of 
the part/component and its features [5]. 
 Manufacturing cost: Micro-manufacturing often involves high investment in 
facilities and human resources and low product quantity requirements from 
each customer. Many factors prescribe the manufacturing cost, and a balance, 
however, will have to be maintained between the feasible reduction of the cost 
for core processes and the cost involving the use of auxiliary processes. Some 
sophisticated geometry and tight tolerances may not be achievable solely with 
a single process, and using a process chain which may involve various 
processes is often inevitable [5].  
 
Based on the previous list, the fabrication of micro-products and products with 
micro-features is still a challenging task due to lack of sufficient standards, 
design/manufacturing rules and understanding of the manufacturing processes 
themselves [5]. However, considering that our initial purpose is mainly focused on 
research, we can concentrate our efforts on two principal considerations: the size 
and shape capacity of the micro-manufacturing processes, and the materials in 
which such processes can be applied.  
 
As it is possible to observe in fig. 1.3, each fabrication process has different 
characteristics and therefore each process allows the fabrication of features with 
different sizes and shapes. However, to achieve the required precision of the micro-
components and/or micro-features, all micro-manufacturing processes have an 
essential and common requirement: high precision positioning mechanisms to 
provide the relative displacement between the workpiece and the manufacturing 
device (tool, laser, electrode, etc.). The main drawbacks of using these kind of 
systems are their high operational costs and the strict operational conditions of 
such systems. 
 
On the other hand, although there are some methods that allows the manufacture 
of most materials, some other techniques requires certain characteristics on the 
workpiece materials where the manufacturing will be performed. For example, 
ECM and EDM processes requires mainly of electrically conductive materials to 
be applied, laser process are affected by the conductivity and the viscosity of the 
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material (metal) when it is in liquid state, or micro-machining processes have 
difficulties in the manufacture of hard and brittle materials, between others. 
Specifically, the manufacture of brittle materials, such as glasses, etc., results very 
important due to the multiple applications in which these materials can be used.  
 
Based on these considerations, it is essential to overcome these two inconveniences 
if it is intended to implement any micro-manufacturing processes for the 
fabrication of components with micro-structures. 
 
1.1.2.2 Micro-cutting process 
 
To reduce the considerations to be taken into account, for this research work 
mechanical micro-cutting was selected for the fabrication of micro-scale features 
in surfaces. This is mainly because mechanical cutting is a well-established area, 
and much knowledge from macro-cutting has been adapted to study micro-cutting 
processes. Micro-cutting refers to mechanical micro-machining (direct removal of 
material) using geometrical defined cutter edge(s). Many researchers considers 
that there are two approaches to study micro-cutting processes; the first one 
consists on the miniaturization of the conventional cutting processes tooling and 
equipment, making an emphasis on the scaling down effect; the second approach 
is based on ultra-precision machining, especially single point diamond cutting, 
which gives more emphasis to the cutting mechanics [61]. 
 
Kinematically similar to conventional cutting, typical micro-cutting processes 
include micro-milling, micro-turning, micro-drilling and micro-grinding (fig. 1.4). 
These four processes vary in workpiece geometry, machining efficiency and 
achievable accuracy, although the mechanics of these cutting processes share some 
common characteristics.  
 
Finally, a more recent group of micro-cutting processes is surging due to the 
necessity of achieving higher relative precision and better surface finishing. This 
group is based on the use of diamond tools because of their ultra-high hardness, 
reduced wear rate and significantly smaller tool radius. Cutting processes included 
in this group are diamond micro-turning and fly-cutting; however, typical 
processes, such as micro-milling, micro-drilling and micro-grinding can be 
performed using tools with natural single point diamonds or with CVD diamonds 
(produced by the chemical vapor deposition technique) as well. Example of the fly- 
cutting process can be seen in fig. 1.5. 
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Fig. 1.4. Examples of typical micro-cutting processes [16,17,19,20] 
 
 
Fig. 1.5. a) Cutting principle and b) results of the micro-fly cutting process [21] 
 
Based on the advantages of the micro-cutting processes using diamond tools (high 
precision, low rate wear, high hardness), and considering the possibility that 
diamond tools allows the machining of brittle materials, this technique is a good 
approach for the fabrication of micro-structures with high precision. 
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1.1.2.3 Considerations for the high-precision positioning requirement 
 
As mentioned previously, most of the research from micro-cutting processes has 
been performed in two types of machines: traditional (ultra-) precision machining 
centers or in desktop micro-machines or micro-factories built by researchers. 
Common requirements of micro components manufacture are: high dimensional 
precision (typically better that a few microns), accurate geometrical form (under 
100 nm from flatness or roundness) and good surface finishing (in a range of 10-
100 nm Ra). To obtain these characteristics, machine tools require to have high 
static stiffness, low thermal distortion, small motion errors and high damping or 
dynamic stiffness [61].   
 
Considering the desktop micro-machines approach, there are several efforts in the 
development of these kind of systems [31-36]. Miniaturized machine tools has the 
advantage that they are less affected by environmental fluctuations, such as 
changes in the temperature, pressure, humidity as compared to the macro-scale 
counterpart. Other advantage is that the reduced mass of the miniature machine 
tool reduces the inertia force required to drive the motion system, therefore they 
consume less energy and provide a high position positioning accuracy. Due to this, 
the use of miniature machine tools is also seen having immense potential in 
reducing production costs [31,32]. However, most of these systems are still in 
research stage and their application to high accuracy and fine surface quality is 
still constrained by low static/dynamic stiffness.  
 
On the other hand, ultra-precision machine tools represents a special class of 
machines that can perform at an extreme level of precision [37-40]. These kind of 
machines are frequently defined as those with the ability to generate surfaces 
suitable for performing optical functions. This definition does not limit the 
machines for being used for other purposes, however it serves like one way to 
differentiate this kind of machines from more conventional precision and high-
precision machine tools. Conventional precision machine tools are mainly focused 
in the generation of features with mechanical functions and are designed and built 
to operate at a lower level of repeatability and accuracy [37]. Examples of the 
components fabricated using ultra-precision machines can be observed in fig. 1.6. 
 
For the fabrication of micro-structures, ultra-precision positioning mechanisms 
will help to reduce positioning errors due to misalignments, thermal expansion, 
low stiffness, wear, etc. Therefore, some typical components required for the 
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development of these kind of machines (especially when cutting processes are 
involved) are included in the following list [40]:  
 Highly-rigid structures,  
 Air isolation systems for external noise reduction,  
 Components made of materials that exhibits low thermal expansion,  
 Granite bases for thermal and mechanical stability, damping characteristics 
and design flexibility,  
 DC linear motors for rapid feed rates, and smooth and wear-free motion,  
 High-speed air bearing spindles that allows faster feed rates, 
 High resolution linear scales and other sensors to provide a precise axis 
position feedback for nanometric incremental moves,  
 On machine workpiece measurement and error compensation systems, etc. 
 
 
Fig. 1.6. Complex surfaces fabricated using ultra-precision machine tools [37] 
 
Therefore, the use of ultra-precision positioning machines implies, in first place, 
high cost of acquisition and maintenance, and in second term, strict environmental 
conditions and very complex control systems in order to achieve high accuracy, 
especially when the target precision is in the order of 1 [m]. Although high 
precision positioning systems are highly recommended to be implemented during 
the fabrication of micro-structures or micro-components, the high costs associated 
and complicated operation conditions required, represents a limitation to use this 
kind of mechanisms. For that reason, it is convenient to consider other solutions 
to achieve the high-accuracy required. 
 
A solution to avoid using ultra-precision positioning machines is implementing 
high-precision conventional cutting machines; however, the main inconvenience of 
conventional systems is that the position of the system axes is determined by their 
feed mechanisms. This means, for example, that the relative position between the 
tool and workpiece of the tool depends completely on the preciseness of the motion 
mechanism used. If the axis exhibits errors, the path that the tool or the workpiece 
follows will present errors as well (fig. 1.7). This can be called as constant-feed 
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cutting or CFC, where the accuracy of the machine involved in the fabrication of 
the produced parts affects directly its preciseness [41,42]. 
 
 
Fig. 1.7. Constant Feed Cutting (CFC) process 
 
Therefore, if a CFC mechanisms will be included in the fabrication of micro-
structures or micro-components, it is required to implement a technique capable 
to compensate or reduce part of the common errors found in this kind of systems.  
 
1.1.2.4 Considerations for the materials requirement 
 
Several engineered materials can be used to produce micrometer sized parts and 
features and very fine surface finishing. One of the most suitable process to be 
applied for the manufacture of a larger variety of materials might be the micro-
mechanical cutting. The range can vary from ductile materials (i.e. aluminum, 
copper) to brittle materials (i.e. graphite, silicon, germanium) or some other newer 
materials can also be included (bulk metallic glasses, composites). Some challenges 
of micro cutting includes the burr formation, the surface finishing, the tool wear, 
high precision, surface and sub-surface damage, between others [62].  
 
When ductile materials are processed using micro-cutting processes, continuous 
chips and good surface finishing are generally obtained due to the absence of 
fracture and damage in the surface. On the other hand, the formation of burrs, 
build up formation of material on the tool edge, between others are some of the 
disadvantages exhibited during the machining process [62]. These disadvantages 
can be controlled under certain cutting conditions, and some of those challenges 
can be overcome by using diamond tools for the fabrication of 3D complex micro-
structures or when extremely fine finishing surfaces are required. On the other 
hand, several brittle materials have been successfully processed using single point 
diamond tools, including silicon, glass, germanium, tungsten carbide, etc. In this 
cases, the challenge in machining these materials remains in preventing the 
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fracture formation and in limiting the deformation to a small enough volume to 
induce only plastic flow [62]. 
 
1.1.2.4.1 Diamond tools 
 
By using diamond tools, it is possible to obtain some extra features such as 
significantly smaller tool edge radius and high hardness. Very sharp edge radius 
enables smaller undeformed chip thickness and hence ultra-precision machining. 
Ultra-high hardness helps reducing the wear rate and allows the machinability of 
hard and brittle materials, such as glass, ceramics, between others [63]. 
 
Diamond cutting tools mainly solve the problem of the manufacture of any material. 
Although natural diamond tools are not suggested for the machining of ferrous 
materials, artificial diamonds can be used for that purpose. Diamond tools can be 
separated into tools with massive diamonds and tools with diamond coatings. 
There are three different types of massive diamonds tools as shown as follows [43]: 
 Monocrystalline diamonds: This kind of diamonds can be obtained from 
natural sources or from high-temperature high-pressure (HTHP) synthesis. 
The main advantage of these kind of diamond tools is the very small tool edge 
radius, their large dimensions and ultra-high hardness.  
 Polycrystalline diamonds (PCD): Metal-matrix sintered diamonds are called 
PCD. Their structure consists of small micron size diamond crystals that are 
bonded in a cobalt binder matrix. Although the cutting edge radius and the 
form accuracy is lower compared to monocrystal diamonds, they can be used 
for hard precision machining as well. 
 Sintered diamonds: Better known as chemical vapour deposition (CVD) 
diamonds. This technique allows the fabrication of thick diamond plates (up to 
0.5 mm), which can be mounted on a tool holder and thus be used similar to 
sintered PCD diamond plates. These tools have a polycrystalline nature, and 
therefore cannot be fabricated with the same small cutting edge radius as 
monocrystal tools, but they have the same hardness.   
 
On the other hand, diamond it is also possible the development of diamond coated 
tools with more complex shapes, such as mills and drills and smaller dimensions. 
Normally, the base materials of this kind of tools are cemented carbides and can 
be easily shaped, which is not possible with massive diamonds. Thanks to the 
diamond coating, it is possible the high precision machining of ductile materials 
and even of hard and brittle materials, like silicon and glass. In this kind of tools, 
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the accuracy and surface quality of the machined workpiece is restricted to the 
roundness of the coated cutting edges (in the range between 3-8 m) [43]. 
 
1.1.2.4.2 Hard and brittle materials 
 
As mentioned previously, several brittle materials can be successfully processed 
using diamond tools. In several researches [44-48], it has been investigated the 
conditions to prevent the fracture during the machining of brittle materials. In 
most of cases, this can only be achieved when the cutting depth is in the order of 
few nanometers. The amount of energy (specific cutting energy) liberated during 
the cutting process will determine if the process will exhibit plastic deformation or 
fracture (via crack initiation and propagation). At small scales, it is easier or 
energetically more favorable to create plastic deformation, whereas at larger scales 
it takes less energy (and thus more energetically favorable) to produce brittle 
fracture; this is relying on principles of minimum energy or least work. Based on 
this theory, other researches [16,49-51] have achieved ductile mode cutting, in 
larger scale. The main consideration is based on the fact that crack propagation 
can be controlled by reducing the stress intensity factor at the tip of the pre-
existing cracks and flaws in the workpiece until it become less than the fracture 
toughness. When a single point tool is used for the machining of brittle materials, 
stress arises in the vicinity of the material that is in contact with the tool edge. 
The stress originated acts on micro cracks present inside the material, causing a 
large stress concentrations on the crack tips obtaining as result the fracture of the 
material [49]. Therefore, it is possible to considerer that to achieve ductile mode 
cutting of brittle materials, it is necessary a reduction of the stress concentration 
in the cutting zone. 
 
 
1.1.3 AFM nano-cutting: a non-rigid cutting mechanism 
 
A possible solution for the creation of a mechanism that can provide precision 
positioning and help in the manufacture of brittle and hard materials in ductile 
mode relies on the operation principle of the nano-cutting experiment using an 
Atomic Force Microscope mechanism [52,53]. This system has been used to 
fabricate nano-scale scratches on different materials, specially hard and brittle 
materials such as silicon, achieving as result the machining of such materials in 
ductile mode.  
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However, this technique presents two main drawbacks, which are the limited 
stroke of the positioning system used (commonly a piezo scanner), and the low 
cantilever stiffness, making this process difficult to be applied for practical cutting. 
 
The AFM nano-machining mechanism can be considered as a constant-load cutting 
process or CLC (fig. 1.8). In these kind of systems, the main purpose is to control 
the thrust force applied to the tool in order to fabricate micro-scale structures with 
constant cutting depth [41,42]. The action of this kind of mechanisms helps to 
reduce the dependence on the preciseness of the machine tool motion system  
 
The main idea for this project is to use a non-rigid element that will hold the 
cutting tool; it is predictable to think that the non-rigid element will present a 
deformation during the interaction between the cutting tool and the workpiece 
surface. This deformation can be used to implement a force feedback control 
(FFBC) system, which is a proposal for the creation of micro-scale grooves in 
surfaces that are not flat or that present an inclination without the necessity of 
complex control systems. To implement the FFBC system it is necessary to use a 
sensor that will measure the deformation exhibited by the flexible element; this 
information will be compared to a reference value and sent to a controller, which 
will generate a fine motion in order to keep constant the relative position between 
the tool and the workpiece surface. 
 
 
Fig. 1.8. Constant Load Cutting (CLC) process 
 
Finally, the other advantage observed of using a non-rigid cutting mechanism is 
that the same deformation observed during the cutting process may help to reduce 
the stress concentration in the cutting zone making favorable the machining of 
brittle in ductile mode, and perhaps in a larger cutting scale.  
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1.1.4 Cutting mechanisms with certain similarities to our goal 
 
There have been several attempts to develop cutting techniques with similar 
scopes, some examples are presented as follows and summarized in table 1.1. Some 
of the experiments are focused on the application of CLC processes for 
micromachining [54-58]; however, these kind of systems have been mainly focused 
on the machining in the nano-scale regime, and on the compensation of tool wear 
or tool deflections during the machining. Examples of this researches are described 
as follows:  
 
 Fabrication of super smooth surface using a flying tool [54] (1991): 
In this research, the fabrication of super smooth surfaces using a flying tool has 
been proposed. In the process, a head slider with a sapphire chip runs along the 
prefinished surface in two different modes: one, maintaining fixed the 
height/position of the tool, then during the machining, the roughness of the 
workpiece must be reduced; the second, applying a force feedback control allowing 
the height of the tool to follow the workpiece surface with the intention of reduce 
the waviness of the surface. Fig. 1.9 shows the concept of the mechanism to be 
developed and its mode of operation [54].  
 
 
 
Fig. 1.9. Flying tool system for the fabrication of super smooth surfaces [54] 
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 Force feedback control for ball end milling [55,56] (2003): 
In this study, it has been investigated the application of a force feedback to predict 
the deflection of an end milling tool and compensate such deformation during the 
machining operation. The tool deflection is predicted using real-time force 
measurements, which is used as well to compensate for errors arising from tool 
deflections and workpiece misalignment. Fig. 1.10 shows the machine developed 
and some measurements of the cutting force before and after being compensated 
[55,56].  
 
 
Fig. 1.10. Mechanism for the compensation of the deflection of an end milling 
using a FFBC [55,56] 
 
 AFM probe-based micro-scribing process [57] (2010):  
In this paper it is introduced a system that combines the AFM nano-scribing 
technique with a five-axis microscale machine tool. With this mechanism, the 
author intent to achieve high scribing speeds, a large working volume, and the 
capability of cutting curvilinear grooves. The capability of this technique is the 
fabrication of grooves as long as 82 mm, with depths of few hundred nanometers 
and at cutting speeds as high at 25 mm/min. It is possible to achieve larger cutting 
depths, up to few micrometers, by applying multi-pass cutting. In figs. 1.11 and 
1.12 it is possible to observe the concept of the mechanism fabricated, the 
cantilever beam used and some results from experiments respectively [57]. 
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Fig. 1.11. Concept of the AFM probe-based micro-scribing mechanism [57] 
 
 
Fig. 1.12. Cantilever of the AFM probe-based micro-scribing mechanism [57] 
 
 Constant pressure unit for cutting hard and brittle materials [58] (2013):  
In this study, a constant pressure cutting device was developed. This mechanism 
controls the cutting forces by regulating the supply pressure with air static 
pressure bearings. Several experiments have been carried out to cut hard and 
brittle materials to observe the effectiveness of the constant pressure cutting 
device for ductile mode cutting. With this system it has been possible to cut electro-
less nickel plating and optical glass in ductile mode. As well V-grooves were 
fabricated in CVD-SiC in ductile mode in the order of several nanometers. Fig. 1.13 
shows the concept of the mechanism developed as well as some of the results 
obtained with this mechanism [58].  
 
16 
 
 
Fig. 1.13. Constant pressure unit for cutting hard and brittle materials [58] 
 
 Nanomachining of Silicon Surface Using Atomic Force Microscope With 
Diamond Tip [48] (2006):  
In this study, AFM micro cutting technique has been applied for the machining of 
single-crystal silicon. For the machining of silicon, a pyramidal diamond tip was 
developed using a combination between photolithography and hot-filament 
chemical vapor deposition (HF-CVD). AFM cuttings are commonly used for the 
removal of few nanometers of cutting depth. However, this experimental system 
was mainly focused to increase the cutting range up to several hundreds of 
nanometers. As result, ductile mode cutting of silicon was achieved [48]. 
 
  
Fig. 1.14 Nanomachining using an AFM mechanism [48] 
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 Cutting process of glass with inclined ball end mill [51] (2008): 
Most of the research related to the machining of glass has been performed using 
single crystal diamond tools, focusing principally on the transition from ductile to 
brittle mode. In this paper, the research is focused on the machining of glass plates 
using micro ball mills. For this case, the grooves are machined in axial cutting 
depth over 10 [m] which improves the machining rate, and according to previous 
researched, it is not possible to be obtained. Some results are the fabrication of 
grooves of 15-20 [m] of cutting depth and 150-175 [m] of width in ductile mode, 
proving that crack-free milling of glass is possible with inclined ball end mill 
process [51].  
 
  
Fig. 1.15. Glass cutting with inclined ball end mill [51] 
 
As mentioned previously, the CLC processes used for micro machining are mainly 
focused on the nano-scale regime, especially those techniques used for the 
machining of brittle materials. Additionally, others are mainly focused on the 
compensation of tool wear or tool deformations. This fact leaves a very large gap 
between those two approaches that connects nano-cutting and micro-cutting.  
 
A final cutting process was decided to be included in this analysis. In this case, the 
mechanism is use for the machining of glass in ductile mode in micro-scale.  
 
 Machining of brittle materials under external hydrostatic pressure [49] (2005): 
In this paper, the development of a device that is able to perform precision 
machining experiments under external hydrostatic pressure is reported. Several 
cutting experiments were conducted on hard-brittle materials (i.e. soda glass, 
quartz glass, silicon, etc), using the developed machining system under externally 
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applied hydrostatic pressures. As result, the applied hydrostatic pressure 
enhanced the critical cross sectional area and reduced the cracks and chippings of 
all the tested materials. Fig. 1.14 shows a schematic images of the experimental 
equipment and later some results obtained using this technique. This paper is very 
important because it shows that single crystal diamond tools are able to create 
crack-free micro-scale grooves in ductile mode [49].   
 
Fig. 1.14. Cutting mechanism using external hydrostatic pressure [49] 
 
 
1.2 Contents of this research 
 
1.2.1 Objective of this research 
 
The objective of this research is the implementation of a non-rigid cutting 
mechanism for high-precision micro-scale machining in a large manufacturing 
area. This system is proposed considering both strategies, using the advantages of 
high-precision machine tools and the advantages of the control principle of the 
nano-cutting systems using AFM. Therefore, as sub-objectives, it is possible to 
consider the implementation of a constant load cutting (CLC) process and the 
possibility of machining of brittle materials in micro-scale without damage.  
 
As result the fabrication of features with constant cutting depth is expected even 
if the surface where they are being fabricated is not flat. Additionally, it is expected 
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the reduction of some geometrical errors present on the positioning system where 
the mechanism will be implemented. It is important to consider that the system 
must be designed to have a larger potential of manufacturing, including the use of 
diamond tools for the fabrication of high quality structures and a larger 
manufacturing area. Finally, when this system is applied for the machining of 
brittle materials, it may be possible to achieve ductile mode cutting, but different 
from other systems, to increase the order of the cutting depth considering that the 
deformation of the cantilever beam may absorb part of the stress generated during 
the cutting. 
 
1.2.2 Research Proposal 
 
A summary of the main points to be considered for the development of the 
manufacturing technique to be implemented is described in the following points: 
 
 A mechanical cutting process was selected because the cutting parameters can 
be more easily controlled, especially for very fine cutting processes.  
 High precision features can be fabricated using diamond tools, which even if 
they exhibit wear after a long time use, under normal conditions seems to have 
larger durability compared to other cutting tools and can create structures in 
a wider variety of materials, including hard and brittle materials.  
 Considering the AFM nano-cutting technique, a force feedback control (FFBC) 
system may allow the fabrication of micro-scale grooves with a constant cutting 
depth in surfaces with different topologies and without the necessity of a very 
complex control system or without the necessity of having a previous 
knowledge of the surface where the machining will be performed.  
 Considering the size limitation of a conventional AFM mechanisms, it is 
proposed to implement the cutting mechanism using a several square 
centimeter machine tool to provide a larger work area enough to fabricate 
micro-scale structures in different mechanical components with larger sizes.  
 The technique to be developed should be able to fabricate features from micro-
scale to nano-scale depending on the workpiece material. Specially, for the 
machining on brittle materials, sub-micro-scale cutting is required in order to 
obtain the fabrication of crack-free structures. This mechanism must try to 
cover the area where ultra-precision machining is commonly used (fig. 1.15).  
 
As mentioned on section 1.1.3.1, table 1.1 would show the differences of the 
proposed experimental system with other similar technologies.  
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Some of the most important points to be considered in table 1.1, are the range of 
the cutting depth and the capacity of machining brittle materials in ductile cutting 
mode. Also, it is important to be able to increase the manufacturing area of the 
system to make it applicable for practical purposes. 
 
 
Fig. 1.15. Area of application of the system to be developed 
 
1.2.3 Flow of this research 
 
 
Fig. 1.16. Flow of this research 
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The figure 1.16 shows the flows of these research. The two main requirements 
established for this work were considered: to achieve a high-precision positioning 
system to perform micro-manufacturing processes, and the fabrication of 
structures in different materials, especially in brittle materials. Also, as mentioned 
in the objective, it is important to implement a force control system. 
 
1.2.4 Concept of the cutting mechanism to be developed  
 
To understand more clearly the idea of the mechanism to be developed, the concept 
will be described as follows. A cantilever beam was decided to be implemented as 
the non-rigid element. At its free edge, a diamond tool will be mounted. During the 
cutting process, the interaction between tool and workpiece will generate a 
deformation on the cantilever beam, which will be measured using a displacement 
sensor. The signal from the sensor, will be compared to a reference value, and the 
result will be inputted to a feedback controller which will send a signal to a fine 
position system, which job is to maintain constant the deformation of the cantilever 
during the cutting process, obtaining as result the control of the cutting force and 
of the cutting depth. This system is proposed to be mounted to a rough positioning 
system to provide a large manufacturing area. 
 
As shown in fig. 1.17, the CLC mechanism will be developed based on the concept 
of the fly-cutting machine. In this case, the material moves over linear axes to 
fabricate linear-based structures, similar to the cutting process done by a shaper. 
 
 
Fig. 1.17. Linear machining (shaper concept) 
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1.3 Contents of this document 
 
In the chapter 1, the background is this research is briefly presented. After, the 
objective of this research is introduced, as well as contents of this research.  
In the chapter 2, the design of the non-rigid cutting mechanism is presented. This 
first mechanism uses an optical lever sensor to measure the deformation of the 
cantilever. This mechanism is particularly convenient because it is possible to 
estimate the total cutting force that the tool applies to the workpiece. This is 
possible only when the cutting process is performed in the direction perpendicular 
to the largest side of the cantilever beam. When this happens, the cantilever beam 
presents flexional and torsional deformations, which can be measured using the 
optical lever sensor. The cutting mechanism is mounted on a 3-axis machine tool 
which provides a large manufacturing area. To control the machine tool, a 
computer interface was developed. This cutting interface also records the signal 
obtained from the optical lever sensor, which will be used to perform the analysis 
of the behavior of the non-rigid cutting mechanism during the cutting process. 
Unfortunately, it was not possible to implement the force feedback control system 
to this cutting mechanism, principally due to technical problems related with the 
signal obtained from the optical lever sensor. For this cutting mechanism, 
cantilever beams with different characteristics were developed.  
 
In chapter 3, the development of a second non-rigid cutting mechanism is 
presented. In order to implement the force feedback control system, it was decided 
to use a more simple sensing method. For this mechanism, linear displacements 
were expected to be measured using a capacitive displacement sensor. To obtain 
linear displacements, the non-rigid element was modified from a single cantilever 
beam, to a parallel leaf spring cantilever beam. This system loose the capacity to 
determine the total force applied by the tool, however, a very precise measurement 
of the cantilever deformation was achieved. The computer interface was modified 
to use the new cutting mechanism. Finally, the force feedback control system was 
implemented and several cutting experiments on inclined and curved surfaces 
were performed. Additionally, the system was designed to support the variation of 
different cutting angles in order to observe the impact of these parameters in the 
behavior of the non-rigid cutting mechanism.  
 
In chapter 4, cutting experiments were performed to observe the difference 
between the non-rigid cutting mechanisms developed and a conventional rigid 
mechanism. This information is important to define the limitation of the non-rigid 
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cutting mechanism. It is predictable that this technology cannot be implemented 
under large cutting conditions. As well, this chapter will help us to determine when 
is more convenient to implement the non-rigid cutting mechanism instead of 
conventional rigid mechanisms. For instance, experimentally it was observed that 
the non-rigid cutting mechanism presents better results for the machining of 
brittle materials in comparison to the rigid system. Several cutting experiments 
on brittle materials, especially on glass, were performed. The fabrication of grooves 
with large cutting depth was achieved in ductile mode.  
 
In chapter 5, a summary of the results obtained from this research is presented. 
Based on the results obtained, it is possible to define the future work in order to 
improve the cutting mechanism developed. 
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CHAPTER 2: DEVELOPMENT OF THE NON-RIGID CUTTING 
MECHANISM 
 
2.1 Nano-scale cutting using an Atomic Force Microscope 
 
As mentioned previously, the main idea of the system to be developed is based on 
the operation principle of an Atomic Force Microscope (AFM), which consists on a 
scanning technique that generates 3-D images with very high resolution of the 
surface that is being examined. The system measures the forces between the AFM 
tip and the sample surface, which commonly is under 1 [nN]. These ultra-small 
forces are determined by measuring the deformation of a cantilever beam with a 
very small mass, produced by the contact between the tip and the sample [1]. 
Additionally, AFM has been applied in the fields of nanomachining since its 
invention. Several nanometers in depth of material can be removed because AFM 
tip can apply from very light to normal load on the sample surface [2]. Special 
micro-cantilever beams are necessary to provide the stiffness required for the 
nano-machining process, as well as the development of polycrystalline diamond 
(PCD) tools [3] (fig. 2.1).  
 
 
Fig. 2.1 a) Example of a micro-cantilever and PCD tool [3], b) nano-scale grooves 
fabricated in silicon [3], c) three-layered micro structure in silicon [4] and d) 
complex nano-machining using AFM [5] 
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The basic AFM mechanism used for nano-machining consists of the following main 
components (fig. 2.2): a light source, commonly a laser diode; a position sensitive 
detector (PSD), to receive the beam from the laser diode; a piezo scanner, to provide 
the positioning in 3 dimensions; and a feedback controller. The components 
previously listed will be the base for the design of the new non-rigid cutting 
mechanism. 
 
 
Fig. 2.2. Basic components of an AFM used for nano-machining 
 
2.2 Concept of the new cutting mechanism to be developed 
 
As used in conventional AFM systems, a solution to measure the deformation of a 
cantilever beam is to apply the optical lever method. This method consists on 
magnifying a small displacement and thus makes an accurate measurement of the 
displacement possible [6]. A common configuration for an optical lever consists on 
fixing a mirror where the displacement (the one to be measured) will be exhibited. 
Focusing a light beam to the mirror and setting a photo detector where the 
reflected beam will fall on, it is possible to measure the magnified displacement 
accurately. Fig. 2.3 shows an example for the configuration applied for our case. 
As it is also shown in fig. 2.3, when a force is applied to the tip of the tool mounted 
on the cantilever beam, the cantilever beam will exhibit a deformation that can be 
measured using the position of the laser beam in the photodetector. For this 
mechanism to be developed, it was proposed to use a quadrant photo detector (four 
segments, QPD). Mostly, optical levers uses a 2-segment photodetectors, which are 
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implemented to measure the bending of the cantilever beam (only one the 
deformation in one direction can be measured). However, with a QPD, it is possible 
to measure the deformation of the cantilever beam in two directions. In the 
proposed case (fig. 2.3), if the force is applied perpendicular to the longest side of 
the cantilever beam, it will present bending and torsional deformation; this 
information may allow us to estimate both components of the total cutting force. 
 
 
Fig. 2.3. Concept of the optical lever method applied for a cutting process 
 
All the components shown in fig. 2.3, which will be referred as the cantilever-sensor 
system, must be mounted together as a unit on a fine positioning system, which 
will perform the required displacement to compensate the deformation of the 
cantilever due to the normal cutting force, and the connections required to 
implement the feedback controller, which will allow the CLC process. Finally, the 
cutting mechanism will be mounted on a precision 3-axis machine tool in order to 
provide the movements required for the machining process. 
 
2.3 Design of the non-rigid cutting mechanism 
 
2.3.1 Fine and rough positioning systems 
 
As mentioned previously, to apply the work principle of AFM in a larger 
manufacturing area, it was proposed the implementation of a fine and a rough 
motion systems. The first will focus on maintain the normal cutting force constant 
during the cutting process. The rough motion system will be used for positioning 
purposes. For the fine motion system, a Syouei System Corp., Ltd. (SSL) stacked 
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PZT actuator was proposed (Fig. 2.4a), with a stroke of 120 [m], enough to cover 
the whole sensing range of the capacitive sensor, and a generative force of 1800 [N] 
[7]. The PZT actuator should be fixed in one side to the rough motion mechanism, 
and in the other side, the cantilever beam and the sensing system will be attached 
to it. To provide an accurate relative motion, the cantilever-sensor system will be 
mounted on the Misumi SVT1045 slide table (fig. 2.4b) with a maximum load 
capacity of 780 [N] [8]. Some components were fabricated to mount all the 
mechanism (fig. 2.4c). Finally, fig. 2.5 shows a schematic image of the mounting for 
the fine positioning system, which will later be attached to the 3-axis machine tool.  
 
 
Fig. 2.4 a) Piezoactuator (PZT), b) linear guide, c) mounting elements 
 
 
Fig. 2.5. Fine positioning system for Z axis 
 
The 3-axis machine tool is proposed for this system to provide the displacement of 
the cutting mechanism in a work area of several square centimeters. In the On-
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demand Manufacturing Systems Research Group of the National Institute of 
Advanced Industrial Science and Technology (AIST), a precision positioning 
system is available. With a total working volume of 250 x 90 x 18 mm3 and a 
minimum resolution of 0.1 [m], this mechanism represents a good initial step for 
the application of this technology. The machine tool has a gantry configuration, 
where the table is acted by an air slider, and the Y-Z axes have ball screw linear 
motion mechanisms. Fig. 2.6 shows the machine implemented for the use of this 
new cutting mechanism.  
 
 
Fig. 2.6. Motion mechanism for the non-rigid cutting mechanism 
 
It has been considered that future improvements to the cutting mechanism may 
only be necessary in the cantilever-sensor system, without modifying the fine and 
rough positioning systems. However, it is planned that the cantilever-sensor 
system and the fine positioning system may be mounted on a different machine 
tool, for different future applications or to provide a more precise machining.  
 
2.3.2 Diamond tool 
 
It was decided to use single-crystal diamond tool chips for the removal of material. 
To obtain more information of the cutting process, V-shaped diamond tool chips 
with different wedge or cutting angles  (60, 90 and 120) were proposed [9]. The 
tool edge radius is in all the cases under 0.10 [m], and considering that the aimed 
cutting depth is much larger, in the order of couple of micrometers, ploughing effect 
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and elastic recovery can be discarded. The relief angle of the tool  is approximately 
7. Figure 2.7 shows a schematic image of the diamond tool to be used and its 
characteristics, and the expected micro-groove that can be fabricated with this 
mechanism; in the image the cutting depth (dg) and width (wg) are indicated, both 
parameters are related by the cutting angle of the tool () by equation 2.1. To be 
able to carry a tool of this size, the cantilever beam to be implemented must have 
much larger dimensions compared to one used in AFM systems (millimeter scale). 
 
 
Fig. 2.7. Characteristics of the single crystal diamond tool 
 
dg =  
wg
2 tan(
θ
2
)
         (2.1) 
 
2.3.3 Cantilever-sensor system 
 
As mentioned previously, and arrangement of laser (light source), mirror, QPD is 
necessary to implement the optical lever. The mirror and the tool must be mounted 
at the free edge of the cantilever beam, while the QPD is proposed to be mounted 
on a device that allows XY displacement in order to set the laser beam in a preset 
position. In figure 2.8, it is possible to observe the main components of the designed 
cantilever-sensor system. The laser, is mounted on the structure of the mechanism. 
The laser beam is directed to a mirror fixed in the upper part of the tool holder 
where the diamond tool is mounted. Once it reaches the tool holder, the laser beam 
is directed to a second mirror, which will direct it one more time to the photo 
detector. The photo detector is mounted on a simple XY stage that will be used to 
calibrate the zero position of the laser beam, when the cantilever beam does not 
exhibit any deformation. In principle, it was proposed to mount the cantilever 
beam directly to the structure, however, it has been considered to have several 
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cantilever beam with different characteristics in order to be able to modify the 
mechanism stiffness, therefore, a cantilever holder was designed for this purpose. 
Additionally, it has been considered the capacitive of this mechanism to allow 
cutting in forward, backward and lateral directions, therefore, a tool holder was 
designed for each case. The mechanical components used in this mechanism will 
be described in more detail in the following sections, in special the cantilever beam, 
which will define the final dimensions of the system. Fig. 2.9 shows the 
configuration of the non-rigid cutting mechanism.  
 
 
Fig. 2.8. Configuration of the cantilever-sensor mechanism 
 
 
Fig. 2.9. Configuration of the non-rigid cutting mechanism  
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2.3.3.1 Estimation of the possible cantilever deformation  
 
For the design of the cantilever beam, it is important to estimate the approximate 
cantilever beam deformation during the cutting process in order to observe its 
behavior, and to verify if it is consistent with the expected behavior. It is also 
important to determine how large is the deformation of the cantilever due to 
gravity and also if the sensor sensitivity is compatible with the deformation of the 
cantilever during the application of a load. 
 
To perform this, it was necessary to predict the normal force required to obtain a 
specific indentation with similar dimensions to the cutting depth target in a ductile 
material. To achieve this, the Hertz theory for mechanical contact was applied. The 
formulation for a rigid conical indenter and an elastic half-space (fig. 2.10) [10] was 
used due to the similarities to the tool intended to be used.  
 
 
Fig. 2.10. Contact between a rigid cone-shaped indenter and an elastic half-space [7] 
 
For the indentation of an elastic half-space using a rigid conical indenter, the depth 
of indentation (d) and the normal load (FN) applied are related by eq. (2.2): 
𝐹𝑁 =
2
𝜋
𝐸∗  
𝑑2
𝑡𝑎𝑛𝜃
    (2.2) 
The eq. (2.3) shows the calculation for E*: 
1
𝐸∗
=
1−𝑣1
2
𝐸1
+
1−𝑣2
2
𝐸2
   (2.3) 
where E1 and E2 are the moduli of elasticity of the two materials and 1 and 2 are 
the corresponding Poisson’s ratios. For a first approximation, the manufacturing 
can be considered to be between a diamond tool and aluminum alloy (A6061) as 
workpiece. The characteristics of the materials are shown as follows: 
 
Diamond: 𝐸 = 1200 [𝐺𝑃𝑎],   𝑣 = 0.29 
Aluminum: 𝐸 = 69 [𝐺𝑃𝑎],     𝑣 = 0.33 
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Considering an indentation depth of 1 [m] and a tool with a cutting angle of 45 [º] 
with respect to the horizontal, the normal load required can be estimated as 
described below. Based on the eq. 2.3 E* is equivalent to: 
𝐸∗ = 73.111 [𝐺𝑃𝑎] 
and that the normal force was estimated as: 
𝐹𝑁 = 46.544[𝑚𝑁] 
Considering these results and knowing that the normal force and the cantilever 
beam deformation are related as described by the eq. (2.4), where k is the rigidity 
of the cantilever, it is possible to derive eq. (2.5) to calculate the cantilever beam 
spring constant : 
𝐹𝑁 = 𝑘 𝑑    (2.4) 
𝑘 =
𝐹𝑁
𝑑
     (2.5) 
𝑘 =
0.046544𝑁
1𝑥10−6𝑚
= 46544 [
𝑁
𝑚
] = 46.544 [
𝑚𝑁
𝑚
] 
 
Taking into account that the indenter considered for this calculation is conical, and 
the diamond tool intended to be used is not, the result obtained is just an 
approximation, which is required to design the cantilever and its characteristics, 
but not necessarily should present the same result, but more will be used as a 
reference value. If a similar consideration is done for other ductile materials such 
as stainless steel, brass, etc, and the cutting depth is varied from 0.1 to 10 [m], 
the cutting force required to indent 1 [m] varies from 5 to 700 [mN]. 
 
2.3.3.2 Commercial components for the cantilever-sensor system 
 
In order to define the dimensions of the system, it is required to consider the 
dimension of the components that will be used for this application. All the 
components, the laser diode, the XY stage, the photodiode and the mirrors were 
selected not only for their small dimensions, but also for their characteristics. 
 
2.3.3.2.1 Laser diode 
 
The laser light chosen for this application was the Kikoh Giken MLXG-A13-670-3 
[11]. One of the main features of this laser is the Micro Spot, which means that a 
very small focus point (diameter of 5-50 [m]) can be achieved in a very short 
distance. Additionally, the focus point of this laser can be adjusted (20-500 [mm]) 
depending on the requirements of the application. It is a red laser with a 
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wavelength of 670 [nm], an optical power of 3 [mW]. Additionally, without 
considering the cable, its weight is only 15 [g] and its dimensions are 59 [mm] of 
length and 13 [mm] of diameter in its largest part. Fig. 2.11 shows an image of the 
laser used with its dimensions.  
 
 
Fig. 2.11. Laser Kikoh Giken from series MLXG (Micro Spot) [11] 
 
2.3.3.2.2 Mirrors 
 
The mirrors are required components used to direct the laser beam from the laser 
to the photo detector. One of the main restrictions for the selection of this 
component was the size. Because the space to accommodate all the components is 
much reduced, small and high quality mirrors were required. The mirrors selected 
were the Thorlabs protected silver mirrors PF03-03-P01 [12]. These mirrors, with 
a diameter of 7 [mm] and a thickness of 2 [mm], presents have high reflectance in 
Visible and NIR regions and have a protective SiO2 Overcoat to prevent oxidation. 
Fig. 2.12 shows some characteristics of the mirror selected. 
 
 
Fig. 2.12. Mirrors selected for the new non-rigid cutting mechanism [12] 
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2.3.3.2.3 Quadrant photo diode (QPD) 
 
A Hamamatsu Si PIN photodiode with an active area of 5 x 5 [mm] was selected 
for this application [13]. The separation between each segment is 30 [m] and have 
6 connectors, 1 anode for each segment and 2 common cathodes. The QPD was 
mounted on a perforated circuit board and to a Mini-Latch wire-to-board header 
for future connections. The perforated circuit board was prepared to be mounted 
on the mechanism. Figure 2.13 shows the photodiode implemented. 
 
 
Fig. 2.13. Segmented photodiode used 
 
2.3.3.2.4 XY manual stage 
 
As mentioned previously, a manual positioning system was suggested to set the 
zero position of the laser beam that falls on the QPD. One of the main restrictions 
for the selection of the XY stage was the size, which such be compact but allow a 
displacement of 10 [mm] approximately. The Misumi XYKNG20 manual XY table 
was selected principally because it meets the requirements and additionally its low 
cost [14]. Figure 2.14 shows the image of the XY stage selected. 
 
2.3.3.3 Configuration of the cantilever-sensor system 
 
After deciding the mechanical components to be implemented, it was possible to 
partially define the dimensions of the cutting mechanism. A brief analysis of the 
design for the tool holder, the cantilever holder and the laser holder is presented 
in the following sections. First, it is important to consider the configuration of all 
the components, designed and commercial, because the laser beam interacts with 
each component, in precise positions, from the laser light to the QPD. 
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Fig. 2.14. XY stage used for calibration of the laser beam [14] 
 
2.3.3.3.1 Configuration of the optical lever 
 
Several possible configurations were considered to implement the optical lever in 
the cutting mechanism. A schematic image of the selected configuration is shown 
in fig. 2.15. In this configuration, it was decided to mount the QPD on the XY stage 
for the calibration of the zero position of the cantilever beam and the laser light 
was fixed on the other side of the mechanism; both the XY stage and the laser light 
are fixed to the same structure. The laser light must be mounted with a certain 
inclination to direct the laser beam first to a mirror that is fixed on the edge of the 
cantilever beam and then to a second mirror, which will direct the laser beam to 
the quadrant photo diode. The mirror mounted on the cantilever beam is positioned 
exactly over the cutting tool in order to measure the cutting forces acting on it.  
 
 
Fig. 2.15. Configuration of the non-rigid cutting mechanism 
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Depending on the angle of inclination of the laser light , it is possible to define 
the angle the inclination (angle ) of the second mirror which directs the laser beam 
to the photo detector. The angles shown in fig. 2.15 can be related to each other 
using the following equations.   
 
2ε = (90° + ψ)    (2.6) 
2κ = (180° − 2ε)   (2.7) 
 
For the selected configuration, the angles are:  = 20 [],  = 55 [] and  = 35 []. 
The principle of operation of the optical lever method applied to our case is shown 
in fig. 2.16. The equations (2.8) to (2.11) describe this method, considering that  is 
so small that have a similar value to tan (). The sum D1 and D2 is the length of 
the laser beam from the cantilever beam to the QPD. 
 
 
Fig. 2.16. Principle of the optical lever applied to our experimental system 
 
ψ′ = (ψ + θ)    (2.8) 
ε′ = (ε + 2θ)    (2.9) 
θ ≈
𝛿
𝐿
≈
∆𝑌
2(𝐷1+𝐷2)
    (2.10) 
δ ≈
∆𝑌∙𝐿
2(𝐷1+𝐷2)
    (2.11) 
 
Once the angles are defined, the dimensions of the system can be defined based on 
the dimensions of the commercial components, but principally on the design of the 
cantilever beam; therefore it is important to design the cantilever beam 
considering the size, geometry, material and the estimated rigidity. 
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2.3.3.3.2 Design of the cantilever beams 
 
For this cutting mechanism, it was considered the implementation of several 
cantilever beams with different geometries in order to have different values of 
stiffness of the non-rigid cutting mechanism. For the analysis of the cantilever 
beams, stainless steel 304 was selected as material, and the geometry of the 
cantilever beams will only vary in its thickness and its length. 
 
To simplify the analysis to be performed, the width of the cantilever beam was fixed 
in 10 [mm]. To reduce the amount of cases to be evaluated, 9 cantilever beams were 
analyzed, varying the length in 10, 20 and 30 [mm] and the thickness in 1.0, 1.5 
and 2.0 [mm]. Simple FEM analysis is presented on fig. 2.17, where the force 
applied to the mechanism is compared to the deformation of the cantilever beam. 
Fig. 2.18 shows an image of the conducted FEM analysis. 
 
 
Fig. 2.17. Finite element analysis to observe the behavior of the cantilever beam  
 
 
Fig.2.18. Schematic of the FEM analysis and characteristics of a cantilever 
 
Based on the results of the FEM analysis, it was decided not to fabricate all the 
cantilever beams; some of the cantilever beams presents a very high stiffness, 
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while others seems to be extremely soft for this application. Additionally, a natural 
frequency analysis using the FEM module was performed for this cutting 
mechanism to observe the deformation at the tip under vibration. The results of 
these analyses are presented to table 2.1.  
 
Table. 2.1. Cantilever stiffness and first mode of the natural frequency for the 
cantilever beams developed 
Thickness   /   length 10 [mm] 20 [mm] 30 [mm] 
1.0 [mm] 67.3 [mN/m] 
1062 [Hz] 
18.1 [mN/m] 
881 [Hz] 
7.8 [mN/m] 
656 [Hz] 
1.5 [mm] 193.8 [mN/m] 
1074 [Hz] 
54.3 [mN/m] 
1045 [Hz] 
23.5 [mN/m] 
895 [Hz] 
2.0 [mm] 375.4 [mN/m] 
1036 [Hz] 
117.9 [mN/m] 
1069 [Hz] 
52.5[mN/m] 
932 [Hz] 
 
2.3.3.3.3 Design of the cantilever holder 
 
To mount the cantilever beams to the cutting mechanism, a special plate was 
designed, considering that their length and their thickness may vary depending on 
the cantilever beam to be used. The main problem to be solved by the cantilever 
holder is that the position of the mirror located over the tool holder requires to be 
the same in any case. This plate counts with several fixing holes that will allow to 
mount this component to the cutting mechanism and a place specifically designed 
to attach the cantilever beams to the cantilever holder. Figures 2.19 and 2.20 shows 
more details of the cantilever holder.  
 
 
Fig. 2.19. Parts of the cantilever holder 
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Fig. 2.20. Cantilever holder allowing different lengths for the cantilever beams 
 
To compensate the difference in thickness for the different cantilever beams, spacer 
plates were fabricated. Figure 2.21 shows how those separator plates were used.  
 
 
Fig. 2.21. Spacer plates to mount cantilever beams with different thickness 
 
2.3.3.3.4 Design of the tool holder 
 
This mechanism was designed to allow cutting in forward and backward directions. 
Additionally, as it is expected to use this cutting mechanism to detect both 
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components of the cutting force, it is necessary to design a tool holder to perform 
lateral cutting. The main condition for the design of the mechanism is to position 
the tip of the diamond tool exactly in the same point for all cases. The tool holder 
must to hold the mirror that will be used to direct the laser beam from the laser 
light to the second mirror, and the focus point must be set exactly in the mirror 
over the tool holder. Another recommendation is to set the tip of the tool as close 
as possible to the neutral axis of the cantilever beam in order to reduce the 
momentum generated during the cutting process.  
 
It was decided to set the width of tool holder in 10 [mm], therefore, for all cases the 
tool tip will be mounted at 5 [mm] far from the lateral faces of the cantilever. 
Considering that the center hole of the tool chip is located at 13 [mm] from the tool 
tip, and the tool tip was decided to be 2 [mm] far away from the lower part of the 
cantilever beam, the hole to attach the tool to the holder, will be situated 11 [mm] 
from the lower part of the cantilever beam. It was decided to locate the rake face 
of the tool at 8 [mm] from the hole used to attach the tool holder to the cantilever 
beam. The mirror middle plane must be located exactly in the same position of the 
plane of the rake face. Figure 2.22 shows the final design selected for each cutting 
direction, following the description above explained. In the case of the tool holders 
for forward and backward directions, each holder is a single component with 
different shape to allow the fixation of the mirror at the top of the holder.  
 
 
Fig. 2.22. Configuration of the tool holders within the mechanism 
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2.3.4 Electronics and control system 
 
2.3.4.1 Computer interface for the control of the positioning system 
 
To control the motion of the machine tool were the non-rigid cutting mechanism is 
mounted, a control interface was developed using the software LabVIEW. The basic 
functions of this interface includes the following actions: 
 Provide the motion control of the machine (positioning) 
 Execute an automatic machining process 
 Record information related to the cutting process (position and sensor signal) 
 
To implement the control interface using LabVIEW, some hardware is required. 
The main control of the machine will be done by a personal computer, which is 
connected to the machine by the National Instruments motion interface NI UMI-
7774 and the drivers for the motors used on each axis. On the other hand, to obtain 
the information from the capacitive sensor, also from National Instruments, the 
multifunction DAQ (data acquisition system) BNC-2120 is used. The developed 
control interface is shown in fig. 2.23, where it is possible to observe its 5 principal 
features: 
 Machine coordinates: Shows the current position of the machine tool, in 
absolute and workpiece coordinates. 
 Speed control: This panel can be used for any task that involves motion of the 
machine tool in order to control the velocity of displacement of all the axes.  
 Control panel: Shows all the functionalities of the interface depending on the 
task to be performed.  
 Panel selector: Buttons used to select a specific task to be performed. 
 Run/Stop buttons: Required to initiate and stop some tasks, especially when 
motion of the machine tool is involved.  
 
The control panel is divided in 6 principal control panels, 5 of them that can be 
freely chosen during the manipulation of the control interface and one that only 
appears when the interface is initialized. The panels are: 
 Welcome and initialization panel 
 Home mode panel 
 Input mode panel 
 Workpiece reference panel 
 Machining setup panel 
 Auto mode panel 
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Fig. 2.23. Control interface for the motion mechanism 
 
 
Fig. 2.24 Initial window of the control interface 
 
2.3.4.1.1 Welcome and initialization panel 
 
As shown in fig. 2.24, this is the initial screen of the interface. Most of the control 
buttons are disabled, except for the “Initialize & Home position” button, which 
after being pressed, internally the interface perform four main tasks:  
 Initialize the NI motion controller 
 Enable and configure the axes 
 Configure the encoders for each axis 
 Define the default motion parameters 
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This screen cannot be accessed freely after the process has been executed. If it is 
necessary to do the initialization procedure, it is required to re-start the control 
interface. After the initialization process, a message will be sent confirming that 
the process was executed without problems and then, the “Home mode” panel will 
appear. Several motion parameters are already defined as default parameters, 
however, they can be modified using the “Advanced Configuration” window, which 
is hidden, but can be visualized by pressing the button with the same name.  
 
2.3.4.1.2 Home mode panel 
 
The “Home mode” window is the second screen to appear just after the 
initialization of the motion mechanism (fig. 2.25). Different from the previous 
window, this step can be omitted, and it can be selected from the panel selector 
once the user is using any other panel. When the “RUN” button is pressed in this 
mode, each of the axis of the machine start moving in order to reach the origin or 
absolute zero position of the machine. It is an automatic mode, where the direction 
and the parameters (speed, acceleration, between others) of the movement are 
already predefined. For safety issues it was decided to make the movements of 
each axis separately, starting from the Z axis (vertical), following by the Y axis 
(lateral) and finalizing with the X axis (table). After reaching the zero position of 
each axis, the corresponding LED must turn on. It results necessary to run the 
home process the first time the computer is turned on to define the absolute 
coordinates of the system. 
 
 
Fig. 2.25. Home mode window 
 
2.3.4.1.3 Input mode panel 
 
Different from the previous modes, the “Input mode” panel should be selected from 
the panel selector, and it is used to perform free linear displacements on the axes 
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of the machine tool. Three axes can perform displacement simultaneously from an 
initial position to a desire position. It is necessary to write the coordinates of the 
desire position and then press the RUN button, and it is possible to perform 
movements in absolute coordinates, in reference to the workpiece zero position (not 
the machine origin), or in relative coordinates, using the initial point as reference 
(fig. 2.26). In this mode it should have particular care in the axes displacement, 
because the diamond tool may hit the workpiece or other components on the table. 
 
 
Fig. 2.26. Input mode panel 
 
It is relevant to mention the internal process to perform movement using the 
LabVIEW interface. A very similar schema is applied in any other task related to 
displacement of the machine tool. Fig. 2.27 shows the basic commands required to 
perform movement in the machine tool using the LabVIEW platform. 
 
 
Fig. 2.27. Basic commands required for axes movement using LabVIEW interface 
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Previous this commands are executed, the dynamic parameters and the 
coordinates of the target point are defined and store in the memory of the program. 
For the Input mode panel, the parameters are almost entirely selected by the user, 
however, in other modes, i.e. Home mode or Auto mode, some of the parameters 
are already predefined inside the programming.  
 
2.3.4.1.4 Workpiece reference panel 
 
This panel is not used to perform any movement with the machine tool, but to input 
the coordinates of the workpiece to be used as reference. The coordinates defined 
as the zero position of the workpiece will be used as reference for the “Input Mode” 
and the “Auto Mode” panels. There are two ways to define the workpiece reference 
point. The first consists of writing the coordinates of zero position manually and 
after push the “APPLY” button; in this moment the workpiece coordinates will 
change according to the new workpiece reference. The second option consists on 
define the current or actual position of the machine as workpiece reference; in this 
case it is just necessary to push the “OK” button. The workpiece reference panel is 
shown in the fig. 2.28.  
 
 
Fig. 2.28 Workpiece reference panel 
 
2.3.4.1.5 Machining setup panel 
 
The machining setup panel (fig. 2.29) is used only to input the required parameters 
to be performed in the “Auto mode” panel. The parameters involved are described 
as follows: 
 Offset: Distance in the Z axis direction between the workpiece reference point 
and the initial position of the cutting tool. From this point to the desired depth 
inside the material, the machine reduces its speed to 6 [mm/min]. 
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 Length (L): This parameter represents the total length of the micro-groove. 
 Depth: It represents the desired indentation depth. It is important to consider 
that due to the deformation of the cantilever beam, it is very probable that the 
real depth is smaller than the value inputted in this section. 
 Maximum Cutting Depth (MCD): Represents the largest cutting depth allowed 
for the fabrication of micro-grooves. In case of having a larger depth value than 
the MCD, the system will perform multi-pass cutting until the desired depth 
is achieved; when this happen, the last cutting pass is 1 [m] of cutting depth. 
 Number of grooves (N): The Auto mode allows the fabrication of several grooves 
on a single execution. This value indicates the number of grooves to be 
machined. When the number of grooves is more than 1, the value S is required. 
 Separation between grooves (S): S defines the pitch between micro-grooves.  
 Cutting direction: This cutting mechanism is capable to perform cutting in X 
or Y axis in forward and backward directions depending on the configuration 
of the cutting tool. Particular care should be taken to avoid performing the 
cutting in the incorrect direction or axis to avoid damaging the diamond tool.  
 Mechanism type: Two different cutting mechanism were developed, then, 
different “Auto Mode” panels are necessary depending on the requirements of 
each system. This section will be explained in more detail in the next chapter. 
 
 
Fig. 2.29. Machining setup panel 
 
2.3.4.1.6 Auto mode panel 
 
In this panel, the manufacture of the micro-grooves is performed. After defining 
properly the workpiece reference, inputting the parameters in the machining setup 
panel and selecting the “Auto Mode” panel, it is just required to press the RUN 
button to execute the machining. In this panel, as shown in fig. 2.30, it is possible 
to visualize the position of the laser beam in the QPD during the cutting process.  
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Fig. 2.30 Auto Mode panel 
 
Additionally, this panel records the information obtained from the optical lever for 
both processes (indentation and cutting) and associate them with their 
corresponding axis displacement (X or Z axis). The data recorded is collected on 
Excel files. As mentioned previously, the Auto Mode was programmed to perform 
a specific routine of manufacturing, depending on the parameters defined in the 
machining setup module. A single groove can be fabricated, as well as several 
grooves. The maximum cutting depth can be restricted, but if larger grooves are 
established as goal, the system is able to perform multi-passes cutting to achieve 
the desired cutting depth. Fig. 2.31 shows more clearly the basic sequence of this 
routine. Same routine can be performed by changing the cutting axis to Y. 
 
 
Fig. 2.31 Cutting sequence programmed in the LabVIEW interface 
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2.3.4.2 Electronics required for the optical lever 
 
To implement the optical lever method for the measurement of the deformation of 
the cantilever beam, it is required to understand the principle of operation at the 
photodetector. The laser beam that falls into the photodiode, will not be focused, 
but will be a large dot, which very probably will affect each of the four segments 
that conforms the sensor. When the light falls into the sensor, a small current will 
be produced on each segment, and it is necessary to transform this small current 
into a usable voltage. Just after the photodetector a current-to-voltage converter 
should be implemented as shown in fig. 2.32. In this image, the anode D is used as 
example to show the basic configuration of the circuit to be implemented. A similar 
circuit should be developed for each of the other anodes (A, B and C). In this case, 
the voltage VD obtained from the circuit is related to the current generated by the 
light that falls into the segment D by the eq. (2.12). Similar equations will be used 
for the other three cases 
 
V𝐷 = −𝑅𝑓𝑖𝐷    (2.12) 
 
 
Fig. 2.32. Basic configuration of a current-to-voltage converter 
 
Considering the directions marked on fig. 2.32, to determine the position of the 
laser beam on the photodetector, eqs. (2.13) (for flexion) and (2.14) (for torsion) will 
be used. To implement such equations, the circuit shown in fig. 2.33 was developed.  
 
Y = (V𝐴 + V𝐷) − (V𝐵 + V𝐶)   (2.13) 
X = (V𝐶 + V𝐷) − (V𝐴 + V𝐵)   (2.14) 
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Fig. 2.33. Circuit used to calculate the X-Y position of the laser beam on the QPD 
 
2.3.4.3 Calibration of the new non-rigid cutting mechanism 
 
To observe the impact of the cantilever stiffness during the cutting process, it was 
proposed the fabrication of cantilever beams with different geometries, varying 
their length and thickness. To perform an adequate comparison, all the cantilever 
beams must have the same position of the tip of the diamond tool, even for 
experiments with different cutting (forward, backward and lateral). To direct the 
laser beam from the laser diode to the QPD, one mirror was mounted at the free 
edge of the cantilever beam, exactly over the tool, and a second one on the body of 
the mechanism. Finally, the QDP was mounted on a manual XY-stage to set the 
incident laser beam on the zero position. Figure 2.34 shows the developed non-rigid 
cutting mechanism. 
 
 
Fig. 2.34. Non-rigid mechanism with optical lever (lateral cutting configuration) 
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A calibration process was performed on this mechanism. In first place, it is 
required to calibrate the optical lever sensitivity (OLS); this means to associate a 
specific output voltage to a deformation of the cantilever. The process is shown in 
figs. 2.35 for flexion and 2.36 for torsion. Figure 2.37 shows the results obtained 
from the process, where the sensitivity and stiffness of the cantilever beam change 
depending on the geometrical characteristics of the cantilever. Finally, it is 
necessary to obtain the linear and torsional stiffness for this mechanism. Figures 
2.38 and 2.39 shows the process, while results are presented in table 2.2. 
 
 
 
Fig. 2.35. Calibration of the OLS (flexion) 
 
 
Fig. 2.36. Calibration of the OLS (torsion) 
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Fig. 2.37. Sensitivity of cantilevers with different geometries 
 
 
Fig. 2.38. Procedure to determine the linear stiffness of the cantilever beam 
 
 
Fig. 2.39. Procedure to determine the torsional stiffness of the cantilever beam 
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Table 2.2. Linear and torsional stiffness for different cantilever beams 
l 
[mm] 
t 
[mm] 
OLSL 
[mV/mm] 
OLST 
[mV/rad] 
KL 
[mN/mm] 
KT 
[mN*mm/mrad] 
10 1.0 111.08 305.96 43.47 2781.37 
20 1.0 110.36 195.11 17.96 9168.08 
20 1.5 91.22 165.26 36.59 19085.39 
20 2.0 70.77 145.80 53.91 25483.35 
30 2.0 68.19 142.31 33.01 19492.52 
 
2.3.4.4 Electronics for the feedback control 
 
2.3.4.4.1 Piezo actuator closed-loop position controller 
 
Closed-loop position controllers compare the target position with the position 
measured by the sensor (actual value) and automatically compensates for the non-
linear properties of the piezo actuator, such as hysteresis and drift. Position 
controllers are frequently based on a proportional integral (PI) control loop 
specifically optimized for piezo operation. To optimize the performance of the 
system, information such as the desired operating frequency, the size and weight 
of the payload, or the spring constant of the system in relation to which the piezo 
actuator is operated is required [15]. For this application, the SSL 120C-1 
controller (fig. 2.40) was selected, in which, the target position is connected to the 
“input” node, and the signal form the sensor in the “sensor in” mode and the output 
node provides the signal for the PZT to be controlled [16].  
 
 
Fig. 2.40. Piezo actuator closed-loop position controller [16] 
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2.3.4.4.2 Piezo actuator amplifier 
 
Some of the characteristics of piezo actuators include the generation of large forces and fast 
response. A change to the operating voltage represents a displacement of the actuator and thus 
a change in position. One very important characteristics of these system is when the control 
voltage suddenly increases, the piezo actuator can achieve its nominal displacement in only a 
few microseconds. For that reason, a requisite for these systems is that it must have a power 
supply that provides sufficient current to charge the capacitance of the piezo actuator [15]. In 
this case, the output signal from the position controller is inputted to a piezo actuator amplifier, 
for our experiment, the SSL MS-2655 (fig. 2.41), which multiplies the signal by 30 times, 
providing enough voltage and a high-speed response [17].  
 
   
Fig. 2.41. Piezo actuator controller [17] 
 
2.3.4.4.3 Function generator 
 
A function generator is proposed to set the reference value to the position controller. 
The NF DF 1906 function generator (fig. 2.42) is used because it have several 
output waveforms, including continuous voltage and high accuracy and a wide 
frequency range [18].   
 
Fig. 2.42. Function generator [18] 
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2.4 Cutting experiments using the non-rigid cutting mechanism 
 
2.4.1 Influence of the cutting direction 
    
The main cutting experiment conducted using this cutting mechanism consisted 
on observe the behavior of the cantilever beam during the cutting process. In the 
previous cutting mechanism, the deformation of the cantilever beam was quite 
restricted due to the fact that a parallel cantilever beam was used. However, when 
a single cantilever beam is applied, the deformation, even if the stiffness of the 
cantilever is larger, it may present irregular deformation during the cutting 
process. The idea was to create several micro-groove with different cutting depths 
and in different direction. For the first analysis, only one cantilever beam was 
selected; to have a better visualization of the cutting process, the cantilever 
selected for this experiment was the one with lowest stiffness, the one with a length 
of 20 [mm] and thickness of 1 [mm] (fig. 2.43).  
 
 
Fig. 2.43. Cantilever beam selected to observe the cutting process in different 
cutting directions 
 
Cutting conditions are presented in table 2.3. Experiments will be performed in 4 
initial indentations of 5, 10, 15 and 20 [m]. The pc interface is capable to record 
the signal from the sensor, which after some post processing, we will have 
information about the normal cutting force.  
 
Table 2.3. Cutting conditions for experiments using the new cutting mechanism 
Workpiece Tool 
Material Brass (C2801) Tool type Single crystal diamond 
Surf. inclination 0 [m/mm] Tool shape V-shape 
Initial indentation 5, 10, 15, 20 [m] Wedge angle () 90 [] 
Feed rate 10 [mm/min] Rake angle () 0 [] 
Cutting direction Fwd, bwd and lat. Inclination angle () 0 [] 
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The results of this set of experiments is shown from figure 2.44 to figure 2.51. The 
results are compared by selecting the same initial indentation but comparing with 
the cutting direction. Two figures are required to show the results for each 
experiment. Figures 2.44 and 2.45 shows, firstly the recorded normal cutting force 
and then some images obtained using a Scanning Electron Microscope (SEM) of 
the fabricated grooves for the experiment where the initial indentation was 5 [m]. 
Figures 2.46 and 2.47 have the same information for the experiment where the 
initial indentation was 10 [m], figs. 2.48 and 2.49 for the experiment where the 
initial indentation was 15 [m] and finally, figs. 2.50 and 2.51 for the experiment 
where the initial indentation was 20 [m]. Finally, fig. 2.52 compares the average 
normal cutting force of each experiment and the cutting depth of the fabricated 
groove. The cutting depth can be obtained using the images taken in the SEM, 
measuring the width of the groove and estimate the cutting depth using eq. (2.1). 
 
 
Fig. 2.44. Normal cutting force comparison for experiment where the initial 
indentation was 5 [m] 
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Fig. 2.45. Fabricated grooves for an initial indentation of 5 [m] but created in 
different directions 
 
 
Fig. 2.46. Normal cutting force comparison for experiment where the initial 
indentation was 10 [m] 
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Fig. 2.47. Fabricated grooves for an initial indentation of 10 [m] but created in 
different directions 
 
 
Fig. 2.48. Normal cutting force comparison for experiment where the initial 
indentation was 15 [m] 
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Fig. 2.49. Fabricated grooves for an initial indentation of 15 [m] but created in 
different directions 
 
 
Fig. 2.50. Normal cutting force comparison for experiment where the initial 
indentation was 20 [m] 
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Fig. 2.51. Fabricated grooves for an initial indentation of 20 [m] but created in 
different directions 
 
 
Fig. 2.52. Relationship between the normal cutting force and the cutting depth 
depending the cutting direction 
 
67 
 
The figure 2.52 shows that the signal measured by the optical lever sensor during 
the three experiments were significantly different even though the experiments 
were performed under the same cutting conditions. The schematic in fig. 2.53 
shows a summary of the deformation observed by the cantilever beam depending 
on the cutting direction. A very interesting result from fig. 2.52 is that “negative” 
cutting forces were recorded in the experiments in the forward direction. For the 
indentation process in the forward and backward directions, the cantilever exhibits 
similar behavior; however, when the mechanism moves to start the cutting process, 
the edge of the cantilever shows very different deformation.  
 
 
Fig. 2.53. Deformation of cantilever for three different cutting directions 
 
For the cutting in the backward direction, the deformation exhibited by the 
cantilever beam occurred in the same direction as during the indentation process 
because the tool was pulled against the workpiece surface, obtaining as result that 
for larger the cutting depths, the output voltage obtained from the QPD becomes 
larger as well. For the cutting experiment in the forward direction, the tool is 
pushed against the material surface; this action will produce an abnormal 
deformation at the edge of the cantilever (in the contrary direction to the 
indentation process). As result, for the cutting process in forward direction, when 
the cutting depth is increased, the deformation becomes larger, and therefore, the 
output signal at the QPD will exhibit negative values. For both cases, cutting 
experiments in the forward and backward directions, the bending of the cantilever 
beam is influenced by the normal (FN) and the horizontal (FH) components of the 
cutting force.  
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For the cutting in the lateral direction, the flexural deformation of the cantilever 
beam exhibits a similar behavior to that during backward cutting, but with a 
smaller magnitude. In the case of the cutting process in the lateral direction, the 
horizontal component FH, which is the largest component of the cutting force, will 
produce torsion on the cantilever beam, while the normal component FN generates 
bending. All this information related to the deformation of the cantilever makes 
more complicated to implement the cutting force feedback control to this 
experimental system. It is required to test other cantilever beams and then select 
the best option to implement the FFBC, because each calibration process 
represents a very specific case. 
 
2.4.2 Cutting experiments on lateral direction to estimate the total cutting force 
 
To observe this capacity of the non-rigid cutting mechanism, it was decided to 
perform a very similar cutting experiment to the previous one. During this 
experiment, the pc interface was in charge to record the information from the 
photodiode in both directions as shown in the schematic figure 2.54. In this case, 
the equations (2.13) and (2.14) were applied in order to estimate the cutting force. 
From the information obtained, it was possible to create fig. 2.55 that shows the 
relationship between both components of the cutting force and the cutting depth. 
As it is possible to predict, the horizontal component of the cutting force estimated 
is larger than the normal component, by a ratio of approximately 7 to 1, which is a 
common relationship for this kind of experiments.  
 
 
Fig. 2.54. Schematic of the lateral cutting to obtain both components of the force 
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Fig. 2.55. Cutting force components estimated during the lateral cutting process 
compared to the cutting depth 
 
Additionally, using the measured horizontal force, it is possible to estimate the 
pressure that the tool apply to the workpiece during the cutting process. Based on 
fig. 2.7 and eq. (2.1) and considering eq. (2.15), eqs. (2.16) and (2.17) can be defined.  
PC represents the pressure applied by the tool to the workpiece in the cutting zone 
and AC the area in contact between the tool and the workpiece. Table 2.4 
summarizes the results presented previously, considering that  is 90 []. The 
results shows that the pressure applied from the tool to the material is constant 
no matter the horizontal component of the cutting force and the cutting depth.  
 
𝑃𝐶 =
𝐹𝐻
𝐴𝐶
     (2.15) 
A𝐶 = 𝑑𝐺
2 ∙ tan (
𝜃
2
)   (2.16) 
𝑃𝐶 =
𝐹𝐻
𝑑𝐺
2∙tan (
𝜃
2
)
    (2.17) 
 
Table 2.4 Force and pressure applied to the workpiece 
FH [mN] FV [mN] dG [m] PC [mN/m2] PC [GPa] 
56.3 19.5 7.4 1.028 1.028 
135.3 32.5 11.4 1.041 1.041 
238.9 50.1 15.1 1.048 1.048 
339.7 66.8 18.4 1.003 1.003 
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2.4.3 Theoretical estimation of the cantilever deformation 
 
The results obtained during the cutting experiments were compared with 
theoretical calculations for the deformation on the cantilever to observe the 
accuracy of the measured cutting force. Considering fig. 2.3 and references [19,20], 
it is possible to consider Hooke’s law for cantilevers (eq. (2.18)) to estimate the 
deformation on the cantilever beam depending on its geometrical characteristics. 
For this equation, the vector  represents the cantilever tip’s deflection, while C is 
the inverse stiffness tensor, and the F denotes the force vector. For clarity, eq. (2.18) 
can be also represented by eq. (2.19), where deformations on the cantilever beam 
different to its torsion and bending can be omitted. 
 
∆ = 𝐶−1 𝐹    (2.18) 
[
∆𝑥
∆𝑧
] = [
𝑐𝑥𝑥 0
0 𝑐𝑧𝑧
] [
𝐹𝑥
𝐹𝑧
]           (2.19) 
 
From the general Euler-Bernoulli beam bending equation, it is possible to 
determine the constant czz as shown in eqs. (2.20) to (2.22). Here, it is important to 
mention that eqs. (2.21) to (2.23) are valid only for cantilever beams with a 
rectangular transverse area. In these equations, l, w and t denote the length, width 
and thickness, respectively, of the cantilever; E is the Young’s modulus of the 
cantilever’s material; and Jz is the moment of inertia.  
 
∆𝑧 =
𝑙3
3𝐸𝐽𝑧
 𝐹𝑧    (2.20) 
𝐽𝑧 =
𝑤 𝑡3
12
     (2.21) 
∆𝑧 =
4 𝑙3
𝐸 𝑤 𝑡3
 𝐹𝑧    (2.22) 
𝑐𝑧𝑧 =
4 𝑙3
𝐸 𝑤 𝑡3
    (2.23) 
 
The constant czz is the largest coefficient of the tensor C and will appear as part of 
other coefficients. 
 
The component of the cutting force in the X direction will induce torsion and 
bending to the cantilever beam. From [19], it is possible to obtain eqs. (2.24) to 
(2.27). For these equations, ltip represents the distance between the cantilever 
beam and the tool tip. Finally, eq. (2.28) is used for the estimation of the 
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deformation of the cantilever beam in the X and Z directions. A comparison 
between the theoretical and experimental results can be seem in fig. 2.56. For the 
evaluation of these equations, the cutting force obtained experimentally is used to 
calculate the cantilever deformation, and the result is compared with the 
deformation measured by the optical lever. 
 
∆𝑥 = ∆𝑥𝑏𝑒𝑛𝑑 + ∆𝑥𝑡𝑜𝑟𝑠 =  (𝑐𝑏𝑒𝑛𝑑 +  𝑐𝑡𝑜𝑟𝑠) 𝐹𝑥  (2.24) 
𝑐𝑏𝑒𝑛𝑑 =
4 𝑙3
𝐸 𝑤3 𝑡
      (2.25) 
𝑐𝑡𝑜𝑟𝑠 =
8 𝑙𝑡𝑖𝑝
2 𝑙
𝐸 𝑤3 𝑡
     (2.26) 
𝑐𝑥𝑥 = (
2 𝑙𝑡𝑖𝑝
2
𝑙2
+
 𝑡2
 𝑤2
) ∙ 𝑐𝑧𝑧    (2.27) 
[
∆𝑥
∆𝑧
] = 𝑐𝑧𝑧 ∙ [
(
2 𝑙𝑡𝑖𝑝
2
𝑙2
+
 𝑡2
 𝑤2
) 0
0 1
] [
𝐹𝑥
𝐹𝑧
]  (2.28) 
 
 
Fig. 2.56 Actual and estimated cantilever deformations 
 
Fig. 2.56 shows that the experimental and theoretical results are in agreement, 
which validate the information obtained from the measurement system. 
 
2.4.4 Force feedback control (FFBC) system 
 
Although one of the main goals for this mechanism is to apply the feedback control 
system, several considerations are required. Considering fig. 2.52, when forward 
cutting is performed, the variation of the cutting force from positive to negative 
when the cutting depth is increased does not allow the implementation of the 
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FFBC system. When the cutting process is performed in backward or lateral 
direction, the results may allow the implementation of the FFBC, however, as 
observed in figs. 2.44, 2.46, 2.48 and 2.50, the signal obtained from the optical lever 
sensor, presents a high mount of noise principally from the motors and the air 
slider; additionally, the PI controller must be adjusted for each case, lateral or 
backward directions, and for each cantilever beam. Noise filters were implemented 
to the systems, however, noise was barely decreased and the resultant signal 
presents a delay to the real value. Also, the forward and backward directions carry 
a large momentum due to the interaction between the tool and the workpiece. The 
lateral direction has better conditions to implement the force feedback control 
system, however, due to a small oscillation displacement observed in the axis with 
the air slider and the fact that this mechanism allows angular deformation in two 
directions, shows that this mechanism may not allow the implementation of the 
feedback controller. An attempt to implement the FFBC system to the cutting 
mechanism without load was intended (fig. 2.57) in order to observe the behavior 
of the cutting mechanism, however, due to the noise present on the system, the 
CLC mechanism immediately go into a state of resonance, and to avoid damages, 
the amplifier was turned off.  
 
 
Fig. 2.57. Attempt to use FFBC using the optical lever system 
 
2.5 Summary 
 
A non-rigid cutting mechanism was designed and developed to fabricate micro-
grooves, which is based on the control principle used in the nano-cutting systems 
that rely on an AFM mechanism. However, unlike common AFM systems, this 
mechanism was designed to have a larger manufacturing area, on the order of 
several square centimeters, provided by a 3-axis machine tool.  
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This cutting mechanism uses the optical lever method to estimate the cutting 
forces present during the process. This system is capable of estimating the normal 
cutting force by measuring the flexion of the cantilever beam under the influence 
of the contact between the tool and the workpiece, even if the cutting process is 
performed in different cutting directions, forward, backward and lateral. However, 
when the cutting is performed in the lateral direction, the cantilever beam exhibits 
deformation due to torsion at its tip, allowing the estimation of both components 
of the total cutting force. 
 
The main components of this mechanism are a single cantilever beam (several 
cantilevers where fabricated), at the tip of which a diamond tool chip is mounted; 
an optical lever arrangement measures the deformation of the cantilever during 
the cutting process; a PI controller, a voltage amplifier and a piezoelectric actuator, 
which together are responsible of the force feedback control system, however, it 
was not be able to be implemented while using this cutting mechanism. Finally, a 
LabVIEW interface was developed to control the motion of the machine tool.  
 
Several experiments were conducted to evaluate the performance of this cutting 
mechanism. Some conclusions obtained from the results of the experiments are: 
 Although the tool is mounted on a non-rigid element, it is possible to fabricate 
micro grooves with a reasonable precision. However, low cutting speed must be 
performed, because high speeds may cause vibrations during the cutting 
process. 
 When the cutting is performed in the lateral direction, two components of the 
total cutting force were successfully estimated.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
 The cutting mechanism is mounted on a three-axis machine tool, in order to 
fabricate micro-grooves on a manufacturing area of several square centimeters.   
 This system can be used to fabricate grooves in different materials. The cutting 
conditions for the fabrication of micro-grooves depends greatly on the 
characteristics of the material to be machined. 
 Finally, due to the noise present in the optical lever sensor, it resulted not 
possible to implement the FFBC. Therefore, it is suggested the development of 
a different mechanism, focusing on the improvement of the measurement of 
the cantilever bending, increasing sensitivity and reducing external noise. 
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CHAPTER 3: RE-DESIGN OF THE NON-RIGID CUTTING 
MECHANISM 
 
3.1 Parallel spring cantilever system 
 
Although the cutting mechanism that uses the optical lever sensor is very 
convenient to estimate both components of the cutting force, it did not show good 
performance to implement the force feedback control (FFBC) system. A solution to 
this problem is to modify the sensing method of the system. To implement the 
FFBC, it is suggested to focus on the measurement of the cantilever beam bending 
and to reduce the external noise during the process. One option is to implement a 
sensor that can measure linear displacements; however, to do this, the deformation 
exhibited by the cantilever beam must be nearly linear. To obtain this results, it 
was considered the implementation of a parallel leaf spring cantilever beam. The 
same diamond tool chip is proposed to be used, as well as the previous positioning 
systems, therefore, the new design must have similar dimensions. 
 
3.1.1 Design of the new CLC mechanism 
 
 
Fig. 3.1. Schematic view of the CLC 
 
A design of the cutting mechanism was done using the computer-aided design 
(CAD) software Autodesk Inventor (fig. 3.1). The cutting mechanism was designed 
considering the parallel leaf-spring cantilever, composed by two single cantilever 
beams separated by aluminum plates. The capacitive sensor has a simple fine 
78 
 
positioning system to set the sensor in its adequate work range. A plate mounted 
in the upper part of the cantilever beam is used to measure its deformation using 
the capacitive sensor. The tool holder was designed not only to support the diamond 
tool, but to be capable to modify the rake face angle, by changing a specific plate, 
or to modify the inclination angles, using off-centered holes in the tool holder plates.  
 
3.1.2 Capacitive displacement sensor 
 
As mentioned previously, it was suggested to select a sensor capable to measure 
linear deformations in order to observe the cantilever flexion during the cutting 
process. To reduce the measurement errors when a load is applied to the cantilever 
beam, it was decided to implement a parallel leaf spring cantilever beam. Different 
from simple cantilever beams, which will present angular deformations, a parallel 
leaf spring cantilever beam will present a nearly linear deformation. To measure 
this deformation, a non-contact capacitive displacement sensor was selected. This 
kind of sensors work by measuring changes in the electrical property called 
capacitance, which describes how two conductive objects with a space between 
them respond to a voltage difference applied to them. Capacitive sensors use an 
alternating voltage which causes the charges to continually reverse their positions. 
The moving of the charges creates an alternating electric current which is detected 
by the sensor (Fig. 3.2). The amount of current flow is determined by the 
capacitance, and the capacitance is determined by the area and proximity of the 
conductive objects. Larger and closer objects cause greater current than smaller 
and more distant objects. The capacitance is also affected by the type of 
nonconductive material in the gap between the objects. Technically speaking, the 
capacitance is directly proportional to the surface area of the objects and the 
dielectric constant of the material between them and inversely proportional to the 
distance between them [1]. 
 
 
Fig. 3.2. Alternation of the electric current generated by the sensor to determine 
the capacitance between two objects [1] 
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In common applications using capacitive sensors, the probe or sensor is one of the 
conductive objects, while the other is commonly the measurement plate. The sizes 
of the sensor and the target are considered constant, as it is the material between 
them. Any change in capacitance represents a change in the distance between the 
probe and the target [1]. The sensor selected for measuring the deformation of the 
cantilever is a Lion Precision 5-mm cylindrical linear displacement capacitive 
sensor (fig. 3.3) [2]. The sensor generates a specific voltage change for a 
corresponding change in capacitance which also represents a specific change in 
distance [1]. The sensor has a sensitivity s of 2.5 [m/V], and it is able tomeasure 
variations of under 15 [nm]. 
 
 
Fig. 3.3. Capacitive sensor and its characteristics [2] 
 
3.1.3 Parallel leaf spring cantilever design 
 
In the next step, it is necessary to define the dimensions of the parallel leaf spring 
cantilever beam (Fig. 3.4). To simplify its design process, some of the 
characteristics of the cantilever beam were set, mainly based on the size of the 
previous CLC mechanism and on the previous estimations done in chapter 2, 
section 2.3.3.1. Stainless steel 304 was selected as material for the cantilever beam. 
It was also decided that each cantilever leaf will have a rectangular shape with a 
width of 10 [mm] and the separation between the two beams was set to 5 [mm]. To 
determine the other dimensions, it was decided to define the cantilever stiffness 
on 46.5 [mN/m], as determined in section 2.3.3.1. Then some simulations using 
the FEA module of the software Inventor were performed, varying the cantilever 
beams in various thicknesses and lengths (fig. 3.5a). Based on the FEA results, to 
obtain a cantilever stiffness of 46.5 [mN/m], the thickness t and the length l of 
each cantilever beam was set to 0.5 [mm] and 42 mm (10 [mm] of which are used 
to attach the cantilever to the body of the mechanism) respectively.  
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Based on the results obtained with finite element analysis (FEA), the cantilever 
beam will exhibit an almost linear deformation when a normal load is applied to 
its tip; this result is convenient, given the characteristics of the displacement 
sensor to be used. Additionally, the natural frequency of the system was also 
evaluated using the same FEA module. This parameter is very important because 
it directly affect the se this characteristic affects the behavior of the cutting 
mechanism, especially when the FFBC system will be active (fig. 3.5b). Given the 
characteristics of the cutting mechanism, the first mode of the natural frequency 
was found to be approximately 420 Hz, which is not a high value and may induce 
to resonance when the feedback control system is active. To minimize the 
possibility of resonance problems, it is necessary to reduce the feed rate used 
during the cutting experiments, as well as the low gain for the PI controller. Using 
the FEA module, the cantilever stiffness was estimated in 44.47 [mN/m] (fig. 3.6). 
 
 
Fig. 3.4. Detail of the parallel leaf spring cantilever beam 
 
 
Fig. 3.5. Finite element analysis of the cantilever beam 
a) Stress analysis for cantilever deformation, b) Natural frequency analysis 
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Fig. 3.6. Calculation of the cantilever stiffness using FEM analysis 
 
3.1.4 Sensor holder design 
 
To ensure the proper operation of the capacitive sensor functions, it is required to 
be positioned in a working range that varies between 50 and 100 [m] from the 
measurement plate. To achieve this, a fine positioning system, illustrated in fig. 
3.7, was designed. The sensor must have a linear displacement, which will be 
provided by a positioning screw that will push a similar system to the parallel 
cantilever beam, in which at its end the capacitive sensor will be positioned. To 
design this mechanism, it was necessary to consider the position of the application 
of the force and the position of the sensor in respect to the measurement plate. 
 
 
Fig. 3.7. Fine positioning mechanism for the capacitive sensor 
 
To define the dimensions A-E shown in the fig. 3.7, several simulations using the 
FEA module of Inventor (fig. 3.8) were performed. The optimal design for this 
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positioning system is the one which when a low normal load FS is applied from the 
positioning screw, the cantilever will exhibit a displacement of 100-200 [m] 
without presenting plastic deformation. In the analysis, the parameters A-E were 
varied to find a good geometry for this positioning system. After several iterations, 
the parameters were defined as follows: A=4.7[mm], B=18.5[mm], C=13[mm], 
D=3[mm] and E=3[mm]. 
 
 
Fig. 3.8. FEA simulation for the capacitive sensor positioning system 
 
With the parameters selected and applying a normal load of 25 [N], a displacement 
of 0.1634 [mm] will be exhibited which is quite large for the required displacement. 
Applying this information to the eq. (2.5), it is possible to define its spring constant, 
which is approximately 153 [N/mm]. The maximum stress presented in this 
simulation is approximately 218 [MPa] and it is located in one of the socket screw, 
which, because it is made of stainless steel (with a Yield Tensile Strength of 290 
[MPa]), will not present fracture, but may show a small plastic deformation if 
larger deformation in the cantilever beam is required. The max stress exhibited in 
the sensor holder system is under 170 [MPa] and because it is made of stainless 
steel, the deformation will be elastic.  
 
3.1.5 Tool holder design 
 
Other very important component to be considered in the design process is the 
diamond tool holder. In different studies [3-5], it has been demonstrated that tool 
geometry deeply influences the cutting process on single point tools. In order to 
obtain more information about the cutting process when a non-rigid cutting 
mechanism is used, it was considered to observe its behavior under the variation 
of some of the angles of the tool tip, such as cutting or wedge angle, the rake face 
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angle and the inclination angle. To provide this variations, it has been considered 
to avoid using several tools with different geometries due to the high cost of 
diamond tools, but instead design tool holders that allow such modifications 
 
3.1.5.1 Rake face angle 
 
The rake angle () of a tool can defined as the angle of inclination of the rake surface 
from the reference plane, while the clearance angle () is the angle of clearance or 
flank surface from the finished surface (fig. 3.9). The rake face angle is directly 
related to the shear plane angle () [6]. The rake face angle can be positive, 
negative or zero, and each present relative advantages (fig. 3.10):  
 Positive rake: Helps to reduce cutting force and thus cutting power 
requirement. Recommended for the machining of ductile materials. 
 Negative rake: Helps to increase edge-strength and life of the tool. Optimal for 
the machining of brittle materials.  
 Zero rake: In order to simplify design and manufacture of the tools. 
 
 
Fig. 3.9. Rake and clearance angles of cutting tools 
 
 
Fig. 3.10. Rake face angles: a) positive, b) zero, c) negative 
 
To vary the rake face angle, the tool holder was designed in two parts: a component 
just dedicated to hold the diamond tool chip (tool holder) and a second element that 
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can be replaced by similar components, which each one have particular geometries 
that will allow the tool holder to be mounted with a specific rake face angle (tool 
positioner). With this proposal, only one diamond tool is necessary, and the with 
the tool positioner the rake face angle can be varied. However, to provide a valid 
comparison of the influence of varying the rake angle is necessary to design all the 
tool positioners in a way that it is possible to set contact point of the tool tip at the 
same point, as shown in fig. 3.11. It was decided to have a tool positioner for neutral 
(0), a positive angle (+5) and two negative angles (-30 and -15). Additionally, it 
was considered to provide the same rake face angles for backward cutting. 
 
To design the tool positioners, it was proposed to consider the following three points 
as reference (fig. 3.12):  
 Absolute fixing point (FP0): Based on the absolute coordinate where the tool 
holder and the tool positioner are attached to each other for the neutral or zero 
rake face angle. 
 Fixing point (FP): It represents the coordinate where the tool holder and the 
tool positioner are attached to each other for the positive and negative rake 
face angles. For the zero rake face angle, the FP0 and the FP are in the same 
position. 
 Contact point (CP): The absolute coordinate where the tool tip and the surface 
of the workpiece to be machined interacts during the cutting process. This 
coordinate is based as well on the position of the tool tip for the neutral rake 
face angle. 
 
 
Fig. 3.11. Tool holder, tool positioners and contact point 
 
Based on fig. 3.11, the values X and Y are the coordinates that relate the CP and 
FP0. Using polar coordinates is possible to relate this points also by r and  by 
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means of equations (3.1) and (3.2). This four values (X, Y, r and ) will never change 
because they define the dimensions of the tool holder with the tool. The angle  is 
the one related to the rake angle  by eq. (3.3), and at the same time is related with 
the angle  by equation (3.4): 
 
 
Fig. 3.12. Schematic of the neutral and negative rake face angle tool positioners 
 
r2 = X2 + Y2    (3.1) 
tan(θ) = X/Y    (3.2) 
β =  + 90    (3.3) 
 = β + θ    (3.4) 
 
The angle  relates the CP and the FP for each tool positioner (fig. 3.12). To 
determine the relative coordinates X’ and Y’ for each FP, it is required to apply 
equations (3.5) and (3.6). 
 
X′ = r cos(180 − )   (3.5) 
Y′ = r sin(180 − )   (3.6) 
 
To define the dimensions of each tool positioner, it is required to relate the FP of 
each rake face angle to the absolute coordinates of the FP0, using equations (3.7) 
and (3.8). This process was applied to design the tool positioner for rake angles of 
+5, 0, -15, -30. Results are shown in table 2.1. 
 
x′ = X′ − X    (3.7) 
y′ = Y′ − Y    (3.8) 
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Table 3.1. Fixing point for tool positioners in the forward direction 
 []  []  [] X’ [mm] Y’ [mm] x’ [mm] y’ [mm] 
-30 60 84.775 -1.304 14.258 -7.304 1.258 
-15 75 99.775 2.431 14.11 -3.369 1.11 
0 90 114.775 6 13 0 0 
+5 95 119.775 7.11 12.427 1.11 -0.573 
Constants  = 24.775 [] r = 14.3178 [mm] 
 
A similar process was applied for the tool positioners that will be used on the 
backward cutting process, however, as shown in fig. 3.13, the coordinates of the X, 
Y, r and , are different compared to the forward cutting parameters, because the 
tool positioner for forward and backward cutting is different (table 3.2).  
 
Table 3.2. Fixing point for tool positioners in the backward direction 
 []  []  [] X’ [mm] Y’ [mm] x’ [mm] y’ [mm] 
-30 60 64.3987 -5.634 11.758 -6.634 -1.242 
-15 75 79.3987 -2.399 12.816 -3.399 -0.184 
0 90 94.3987 1 13 0 0 
+5 95 99.3987 2.129 12.863 1.129 -0.137 
Constants  = 4.3987 [] r = 13.0384 [mm] 
 
    
Fig. 3.13. Tool positioners for the backward positioning holders 
 
3.1.5.2 Inclination angle 
 
It was proposed as well to evaluate the behavior of the cutting mechanism by 
varying the inclination angle () of the tool tip. According to [6], there are two basic 
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methods of metal cutting, depending upon the arrangement of the cutting edge 
with respect to the direction of relative work-tool motion: 
 Orthogonal cutting or two dimensional cutting: When the cutting edge of the 
tool remains perpendicular to the direction of feed. In this case, the chip flows 
in a direction normal to the cutting edge of tool [6].  
 Oblique cutting or three dimensional cutting: In this case, the cutting edge has 
an angle of inclination  (acute angle) in reference to the direction on the feed. 
In this case, the direction of the chip flow is not normal to the cutting edge. 
Oblique cutting cannot be represented by a 2D cutting model [6].  
 
Simple schematic images of these machining methods are shown in the fig. 3.14. 
The goal of varying this inclination angle () is principally to check how it will 
affect to the burr formation during the fabrication of micro-grooves. 
 
Fig. 3.14. a) Orthogonal cutting and b) oblique cutting 
 
To achieve the variation of the cutting tool, it was decided to use off-centered holes 
with a specific inclination angle (). The tool positioner is attached to the cantilever 
beam by a single screw, and using pins allows to define the angle of inclination . 
The head of the cantilever beam consists in three plates and the two leaf cantilever 
beams; the upper plate is used as a measurement plate and is located just few 
micrometers far away from the capacitive sensor. The two leaf cantilever beams 
are separated by a second plate. The third plate is the tool positioner. The fig. 3.15 
shows the schematic of the cantilever beam that allows the variation of the 
inclination angle. Unfortunately, due to geometry restrictions, the inclination 
angle for this mechanism can be varied only to 20 in both directions. As possible 
to be seen in fig. 3.15, the off-centered holes are very near to each other, considering 
that the diameter for each hole is 1 [mm]. It is also necessary to mention that when 
the oblique cutting is performed, the tool tip is not located in the center of the 
cantilever beam, which may affect the final result. 
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Fig. 3.15. Variation of the inclination angle on the tool positioner 
 
3.2 Electronics and control system 
 
3.2.1 Capacitive sensor driver 
 
To obtain information from the capacitive sensor, the capacitive sensor driver 
CPL290 model from Lion Precision was selected (fig. 3.16). This driver allows a 
high resolution measurement, as low as 1 nanometer or smaller, and has 
integrated filters to reduce external noise. It also allows to adjust the reference 
value as well as the sensitivity for different applications [7]. 
 
 
Fig. 3.16. Capacitive sensor driver [7] 
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3.2.2 Calibration of the new non-rigid cutting mechanism 
 
Figure 3.17 shows the new cutting mechanism developed and the 3-axis machine 
tool. Then cutting mechanism was subjected to calibration in order to estimate the 
cantilever stiffness. The calibration of the cutting mechanism consisted on 
producing a deformation at the edge of the cantilever beam and measure the 
normal force required to produce such deformation (fig. 3.18). Then with the 
deformation recorded, the force registered by the weight scale and eq. 2.5, the 
experimental cantilever stiffness was defined in 41.68 [mN/m], similar to the 
stiffness estimated using FEA analysis (fig. 3.19). 
 
 
Fig. 3.17. Non-rigid cutting mechanism and rough positioning system 
 
3.2.3 Update to the computer interface 
 
From the computer interface developed in chapter 2, section 2.3.4.1, the 
“machining setup” and the “auto mode” panels were updated to allow the use of the 
new cutting mechanism. As described previously, in the “machining setup” panel, 
it is possible to select between both mechanisms. This is because each mechanism 
obtains the information from different sensors and therefore, post-processing 
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requires different treatment. For this case, the information is obtained from the 
capacitive sensor driver, and it is recorded by the interface already as the 
cantilever deformation, considering the sensitivity of the system. Fig. 3.20 shows 
the “Auto Mode” panel developed for this mechanism, in which, it is just required 
to press the RUN button to execute the machining process. Similar to the previous 
interface, the update records the data obtained from the capacitive sensor and 
saves it on excel files. It also perform the same cutting sequence shown in fig. 2.31. 
 
 
Fig. 3.18. Experimental method to determine the cantilever stiffness 
 
 
Fig. 3.19. Estimated and experimental calibration of the cantilever stiffness 
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Fig. 3.20 Auto Mode panel for the capacitive sensor system 
 
 
3.3 Cutting experiments using the new non-rigid cutting mechanism 
 
Several cutting experiments were performed to observe the behavior of this non-
rigid cutting mechanism. This section will be divided in two main sub-sections, 
when the FFBC is active and when it is not active. Some interesting results are 
obtained from both set of experiments.  
 
3.3.1 Cutting experiments without using the FFBC 
 
In this experiments, because the FFBC system will not be activated the mechanism 
will behave similar to any conventional machine tool; however a significant 
difference can be observed, the tool will exhibit a larger deformation compared to 
any other machine tool, because it is mounted on a flexible element. The first 
experiments were performed to observe the behavior of the cutting mechanism 
under the influence of the geometry of the tool. For this initial experiments, the 
rake face and the inclination angles were modified. Fig. 3.21 shows a schematic 
image of the cutting process; in this figure it is also possible to observe that during 
the cutting process, the cantilever beam does not present a completely linear 
deformation, however the capacitive sensor only can measure the average position 
of the measurement plate. Fig. 3.22 shows the basic information recorded by the 
LabVIEW interface from the capacitive sensor. The groove fabricated for the 
results of the experiment shown in fig. 3.23, taken using a Scanning Electron 
Microscope (SEM). 
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Fig. 3.21. Schematic of the cutting process performed by this cutting mechanism 
 
 
Fig. 3.22. Basic information obtained from the LabVIEW interface 
 
 
Fig. 3.23. Micro-scale groove fabricated by the non-rigid cutting mechanism 
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It is important to consider that because of the deformation of the cantilever beam 
caused by the interaction of tool and the workpiece, the desired cutting depth may 
not be achieved. This effect can be more easily observed by varying the material of 
the workpiece. If the material is soft, the indentation depth may be large without 
a large deformation of the cantilever beam. On the other hand, if the material is 
hard, the cantilever may present a very large deformation, but the indentation will 
be small. On fig. 3.22, it is possible to observe that the interface records both stages 
of the cutting process: the indentation and the groove fabrication. The information 
recorded by the interface is the position of the tool (based on the signal of the linear 
encoders) and the signal from the capacitive sensor in [V] (volts). However, as 
mentioned previously, the data is collected in Excel files, and the interface is 
already programmed to record the data in the format of the cantilever deformation 
(GAP) in [m] by applying the sensitivity of the capacitive sensor; the position of 
the tool is recorded in [mm] as well. In the image is possible to observe that during 
the indentation, the deformation of the cantilever beam is only exhibited in one 
direction (Z); however, when the horizontal displacement is performed (groove 
fabrication), the cantilever beam seems to exhibit deformation not only in the 
vertical direction, but in the horizontal direction as well. This can be concluded 
because even if the cutting depth does not change from the indentation to the 
cutting process (as it can be observed in fig. 3.23), the recorded normal force seems 
to be smaller when the cutting process is being performed. This is because the 
horizontal component of the cutting force interacts with the tool modifying its rake 
face angle (fig. 3.22), and therefore the magnitude of the load components should 
present a variation as well. In this work, in most of the cases, only the normal 
cutting force measured during the cutting process (horizontal displacement) will 
be considered; however, if there is some important information obtained from the 
indentation process, the force recorded during this process will be considered too.  
 
3.3.1.1 Variation of the cutting depth 
 
The first set of experiments while using the non-rigid cutting mechanism consisted 
of varying the cutting depth without modifying the other cutting conditions. The 
principal objective is to observe the influence of the cutting depth on the 
deformation of the cantilever beam. Table 3.3 shows the principal cutting 
conditions of these experiments, and fig. 3.24 shows the results obtained from that 
experiment. The cutting depth was varied from 1 [m] to 20 [m], however, in the 
results, only the results for 5, 10, 15 and 20 [m] of the cantilever deformations are 
presented for better visualization. As conclusion of these experiment, it is possible 
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to observe that the cutting depth affects directly the deformation at the tip of the 
cantilever beam. Based on the Hooke’s law (eq. 2.4), and considering that the 
cutting depth is linearly related to the deformation of the cantilever beam, the 
cutting force will be linearly correlated to the cutting depth. Additionally of these 
results, some photographs taken with a SEM, of the starting and ending point of 
some of the micro-grooves are shown. 
 
Table 3.3. Cutting conditions for the non-rigid cutting mechanism 
Workpiece Tool 
Material Brass (C2801) Tool type Single crystal diamond 
Surf. inclination 0 [m/mm] Tool shape V-shape 
Cutting depth 4 - 20 [m] (Z axis) Wedge angle () 90 [] 
Feed rate 30 [mm/min] Rake angle () 0 [] 
Cutting direction Front cutting Inclination angle () 0 [] 
 
 
 
Fig. 3.24. Micro-grooves varying the cutting depth 
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3.3.1.2 Varying the cutting tool angles: rake face, inclination and wedge 
 
For these experiments, it was decided to observe the influence of the geometry of 
the cutting tool, by varying the rake face angle, the inclination angle and the wedge 
angle. Mainly, the analysis will be done by observing the cutting force recorded by 
the interface; however a qualitative analysis will be considered based on the 
quality of the fabricated grooves.   
 
Four main experiments were conducted: first, when the rake face angle () and the 
inclination angle () are equal to 0 []. The following experiments were varying the 
cutting angles as follows:  = -15 [],  = 0 [];  = -15 [],  = 20 []; and  = 0 [],  = 
20 []. The initial cutting feed was fixed in 5 [m] for each experiment. Images of 
the micro-grooves fabricated are shown in fig. 3.25, where it is possible to observe 
that the grooves fabricated when the inclination angle  is different from zero, 
shows a large amount of burr. This is principally because the cutting process is not 
only perform by the rake face, but partly by the lateral face of the tool. To avoid 
this happen, the inclination angle must be very small, in the order of 5 [], which 
is not possible to achieve with the present configuration. Additionally, it is possible 
to observe in fig. 3.26 that oblique cutting increase very much the normal cutting 
force. Therefore, oblique cutting is not recommended for the current configuration. 
On the other hand, when the rake face angle is modified, cutting conditions are 
similar compared to a  = 0 [] condition, however, the normal cutting force get 
increased by the negative angle. Probably negative rake face angles are convenient 
for the machining of brittle materials such as glasses.  
 
   
Fig. 3.25. Variation of the rake face angle () and the inclination angle () 
 
96 
 
 
Fig. 3.26. Normal force comparison for experiments where  and  are varied. 
 
A second experiment was performed to evaluate solely the variation of the rake 
face angle. In this case, the analysis will be based on the cutting force instead of 
the deformation of the cantilever beam compared to the cutting depth of the groove. 
To calculate the cutting force from the voltage VCS recorded by the computer 
interface, the eq. (3.9) is applied, which is based on the Hooke’s Law (Eq. (2.4)) and 
it considers the sensitivity s of the capacitive sensor described in section 3.1.2. On 
the other hand, to calculate the cutting depth of the groove, eq. (2.1), described on 
chapter 2, section 2.3.2, is used. To measure the width of the fabricated grooves, 
images obtained from a SEM are used. 
 
𝐹𝑁 = 𝑘 𝑠 𝑉𝐶𝑆    (3.9) 
 
 
Fig. 3.27. Normal force vs cutting depth while varying the rake face angle 
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For these experiments, the -30 [], -15 [], 0 [] and +5 [] rake face angles were 
tested. Figure 3.27 shows the results obtained from the cutting experiment, where 
the cutting depth is compared to the normal cutting force. To obtain these results, 
several cutting experiments (with different initial indentation) were performed on 
flat surfaces. The average normal cutting force for each experiment was associated 
to the cutting depth of the groove. In general terms, when the rake angle has a 
very negative value (-30 []), the cutting forces involved on the cutting process tend 
to become larger. However, cutting experiments realized in angles between -15 [] 
and + 5 [] seems not to affect significantly the relationship between the force and 
the depth of cut.  
 
However, in a more detailed analysis of the whole cutting mechanism involved in 
the machining process, it is possible to observe that the rake face angle has a more 
significant effect on the machined surface. As described previously in this section, 
the experiment consist on two stages: the indentation and the cutting. After the 
indentation process is done, when the tool starts to move along the cutting axis X, 
the tip of the cantilever presents a deformation that we may call “balance point”, 
which is the point where the groove reaches its final depth (fig. 3.28). The figure 
3.29 shows the start and end part of the grooves for each cutting experiment, 
showing that the more negative is the rake angle, the faster is possible to achieve 
the balance point.  
 
 
Fig. 3.28. Balance point observed in the force measurement 
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Fig. 3.29. Fabricated grooves for each rake angle 
 
A third experiment was conducted to observe the behavior of the cutting 
mechanism when the wedge angle is modified. As mentioned in chapter 2, section 
2.3.2, there are three tools with different wedge angles: 60, 90 and 120 []. To 
evaluate this experiment, the relationship between the normal cutting force and 
the cutting depth was considered (fig. 3.30). In these case, several experiments 
were conducted using each cutting tool, associating the average force recorded with 
its corresponding cutting depth. Based on the results shown in the plot, if the 
wedge angle is increased, the cutting force involved gets increased as well. This 
can be predicted considering that the cutting force must be related to the area of 
the cutting cross section. It is also possible to observe that the relationship between 
the cutting depth and the cutting force seems not to be completely linear. 
 
 
Fig. 3.30. Normal force vs cutting depth while varying the wedge angle 
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3.3.1.3 Prediction of the cutting force 
 
The prediction of micro cutting forces is very important for the characterization of 
the micro cutting mechanism. Nowadays, there are two major approaches to 
modelling the cutting forces analytically. The first one consists on analyzing the 
cutting forces on the instantaneous uncut chip cross section, while the second 
approach is focused on calculating the cutting forces using the shear plane area.  
 
In this case, a conventional basic cutting force model based on the instantaneous 
uncut chip cross section will be considered. This model is based on the relation 
shown in eq. (3.10), where the FC is the cutting force, km is a constant based on the 
specific cutting energy (energy consumed in removing a unit volume of material) 
and A is area of the cutting cross section [8,9].  
 
𝐹𝐶 = 𝑘𝑚 𝐴    (3.10) 
 
Based on the results shown in fig. 3.30, when the wedge angle is increased, the 
cutting force involved gets increased as well. This can be predicted based on eq. 
(3.10), considering that the cutting force is directly related to the area of the cutting 
cross section). Also, in results shown in fig. 3.30 it is possible to observe that the 
relationship between the cutting depth and the cutting force seems not to be 
completely linear. In [8], a cutting model based on the eq. (3.10), that includes a 
non-linear coefficient is introduced. Equation (3.11) describes that the coefficient 
based on the specific cutting energy is directly related to the chip formation, and it 
is obtained using the experimental results. Considering the eqs. (3.10) and (3.11), 
it was proposed to apply this cutting model to our CLC mechanism and observe if 
it is possible to make a first approximation for the modelling of this system. The 
constants C and n can be obtained from the experimental results obtained in the 
previous section (fig. 3.30), using the least squares method.  
 
𝑘𝑚 = 𝐶𝑡𝐶
−𝑛    (3.11) 
 
From eqs. (3.10) and (3.11), it is possible to deduce eq. (3.12), which in combination 
with eq. (2.1) and using the fig. 2.7 as reference, and renaming the cutting depth 
dG as the variable t0, it is possible to obtain eq. (3.13).  
 
𝐹𝐶 = 𝐶𝑡𝐶
−𝑛𝐴    (3.12) 
𝐹𝐶 = 𝐶𝑡𝐶
−𝑛𝑡0
2𝑡𝑎𝑛 (
𝜃
2
)   (3.13) 
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In order to relate the variables tC and t0, it is possible to consider fig. 3.10. Defining 
with this eqs. (3.14) and (3.15). If eq. (3.15), is introduced in eq. (3.13), then it is 
possible to define eq. (3.16) as follows:  
 
𝑡𝑎𝑛 (𝜙) =
𝑟𝑇 𝑐𝑜𝑠 (𝛼)
1−𝑟𝑇 𝑠𝑖𝑛 (𝛼)
   (3.14) 
𝑟𝑇 =
𝑡0
𝑡𝐶
     (3.15) 
𝐹𝐶 = 𝐶𝑟𝑇
𝑛𝑡𝑎𝑛 (
𝜃
2
) 𝑡0
2−𝑛   (3.16) 
 
The model presented on eq. (3.16) is based on the geometry of the cutting depth 
and the wedge angle of the diamond tools used. The chip thickness ratio was 
obtained based on the cutting experiments realized in the previous section, based 
on the measurement shown in fig. 3.31, and the results are presented on table 3.4.  
 
 
Fig. 3.31. Measurement of the width of cut and chip thickness 
 
Table 3.4. Chip thickness ratio obtained from cutting experiments 
Wedge angle  Chip ratio rT 
60 0.6319 
90 0.518 
120 0.4324 
 
 
Using as reference the results obtained from the experiment of the 90 [] tool it 
was possible to determine the experimental constants C and n, which are 1.9399 
and 0.6461 respectively.  
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To observe if the model can be applicable to our mechanism, the theoretical results 
will be compared with the experimental results already obtained for the diamond 
tools of 60 and 120 []. As it is possible to observe in fig. 3.32, in both cases the 
cutting model can be used to make a good estimation of the cutting force compared 
to the cutting depth. This is a first step to achieve a more reliable cutting model 
for our cutting mechanism.  
 
 
Fig. 3.32. Comparison between experimental results and analytical force model 
 
In the case of the wedge angle variation, there is no restriction in the use of any of 
the cutting tools. With the experimental results obtained, it was possible to obtain 
a simple model based on the specific cutting energy that can give a good 
approximation of the cutting forces involved in the fabrication of micro-grooves.  
 
3.3.1.4 Varying the workpiece material 
 
These experiments were considered to observe the influence of the hardness of the 
material to be machined by the non-rigid cutting mechanism. Aluminum (A1085), 
Brass (C2801) and Cooper (C1020) were considered as the materials to be 
evaluated. In this case, the cutting experiments were performed on surfaces with 
a positive inclination of 2 [m/mm]. Considering that the force control system will 
not be active, the groove will become deeper while the tool tip travels along the 
horizontal axis. This will allow us to find a relationship between the normal cutting 
force and the cutting depth of the micro-groove. To calculate the depth of the 
grooves the SEM was used and eq. (2.1) was applied. Cutting feed for all the 
experiments was 50 [mm/min], and the cutting length was 10 [mm]. Figures 3.33 
to 3.35 show the results for each material. On each image, the deformation of the 
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cantilever is presented with a picture of the micro groove fabricated. The graphs 
shown relate the cantilever deformation and the displacement on the horizontal 
axis. Based on the results of the cutting experiments, due to the inclination of the 
workpiece surface, while the cutting edge moves along the X axis, the cutting load, 
and the depth and width of the groove increased. Images, obtained from a SEM, of 
the fabricated grooves are also shown, and where it is possible to observe the 
chance of size of the micro-grooves.  
 
 
Fig. 3.33. Cutting mechanism behavior during aluminum machining [12] 
 
 
 
Fig. 3.34. Cutting mechanism behavior during copper machining [12] 
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Fig. 3.35. Cutting mechanism behavior during brass machining [12] 
 
On the other hand, hardness tests were performed in order to relate the hardness 
to the normal cutting force and the cutting depth on each material during the 
cutting process. A Shimizu Corporation HSV-30 Vickers Hardness Tester was used 
for these experiments, where the indentation force was recorded, and it was 
associated to its corresponding indentation depth. Figure. 3.36 shows the 
relationship between the indentation depth and indentation force for each material 
tested.  
 
 
Fig. 3.36. Relationship between the indentation depth and force of indentation for 
different materials [12] 
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To compare the cutting process and the hardness test, a similar arrange of data 
was presented (fig. 3.37) for the cutting experiments: the cutting depth of the 
groove was related to its corresponding normal force recorded. The results of the 
cutting and the indentation processes are presented on table 3.5. It is possible to 
observe in this table the depth of cut per unit of load obtained by the linear 
interpolation of the micro-grooving process. To compare the experiments results 
with the hardness test, the indentation depth registered at the load of 4901 [mN] 
was selected. For the comparison, the data was considered as an index, taking the 
higher value as 100 (in this case, aluminum). 
 
 
Fig. 3.37. Relationship between the cutting depth and the normal cutting force 
for different materials [12] 
 
Table 3.5. Comparison of the hardness test and the micro-grooving process [12] 
Workpiece material 
Depth of cut per load 
unit [μm/N] 
Indentation depth 
[μm] @ 4901 [mN] 
Aluminum 37.8 (100) 31.97 (100) 
Copper 22.9 (60.58) 20.52 (64.18) 
Brass 20.8 (55.02) 17.24 (53.92) 
 
A tendency in the relationship between groove depth and load can be observed for 
both micro-grooving cutting experiment and the hardness test. The hardness 
seems to affect in similar way to the groove fabrication process, where both 
indentation and cutting processes are realized at the same time, even the 
mechanisms of fracture and material deformation are different for both process. 
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3.3.1.5 Fabrication of patterns of micro-grooves 
 
These experiments were considered mainly to observe the capacity of the computer 
interface and the cutting mechanism to implement the cutting sequence for the 
fabrication of patterns. The pitch (distance between one and other micro-groove) is 
one of the parameters to be considered. To calculate the pitch pg, eq. (3.17) can be 
considered. This equation includes the offset og which separates each micro-groove 
(fig. 3.38). If the user wants to fabricate the micro-grooves without separation the 
offset og is equal to 0. 
 
𝑝𝑔 = 2 ∙ 𝑑𝑔 ∙ tan
𝜃
2
+ 𝑜𝑔    (3.17) 
 
  
Fig. 3.38. Possible pitches for the fabrication of micro-grooves patterns 
 
A micro-groove pattern was fabricated, setting the cutting depth in 5 [m] and 
without leaving any separation between the grooves. The result is shown in fig. 
3.39. It is possible to observe a poor quality of the pattern, especially in the point 
where the grooves should be in contact each other. It seems that bur removal is one 
of the main problems to be solved using this technology. One possible option is to 
apply a post-machining process to the surface that was machined. In some 
researches, better quality micro-patterns have been fabricated by performing 
multi-pass cutting, this means that the material will not be removed in a single 
stroke, but the material is removed gradually [10] (fig. 3.40). 
 
An experiment using multi-pass cutting or “cutting by steps” was performed to 
observe if the quality of the micro-groove can be improved (Fig. 3.41). The cutting 
depth was set in 10 [m] and the cutting speed in 50 [mm/min], and the only 
difference was that for the second experiment a final cutting pass was perform for 
1 [m] of cutting depth. Burr formation was reduced when multi-pass cutting is 
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performed. The multi-pass cutting sequence is currently implemented in the 
computer interface. 
 
 
Fig. 3.39. Micro-grooves pattern in one cutting direction 
 
 
Fig. 3.40. Multi-pass cutting to improve the quality of the micro-grooves 
 
 
Fig. 3.41. Multi-pass cutting for the non-rigid cutting mechanism 
 
A second micro-groove pattern was fabricated, but in this case with the intention 
of creating micro-scale pyramids. For this experiment, two axis cutting is required; 
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however, due to the geometry of the tool, it was required to rotate the workpiece to 
fabricate the intended structure. Fig. 3.42 shows the results obtained from this 
experiment. At this stage, it is not possible to fabricate more complex micro-
structures, but linear and pyramidal patterns, because the workpiece can only be 
rotated in 90 degree. One possible solution to this problem, may be the 
implementation of a 4th axis, a rotational stage, under the workpiece. Additionally 
to this, it is still necessary to improve the quality of the micro-grooves fabricated.  
 
 
Fig. 3.42. Pyramidal structures fabricated with the non-rigid cutting mechanism 
 
3.3.2 Cutting experiments using the FFBC 
 
The control principle to be applied for this cutting mechanism is based on the one 
of a commercial AFM system. For this system, it is a requirement to perform the 
scanning in contact mode, where the surface is always in constant contact with the 
specimen. In the constant force mode, a closed-loop control system maintain 
constant the cantilever deflection, and thus the interaction force between the tip 
and the sample. Any change in the cantilever deformation caused by the sample’s 
topology is compensated for by the piezoelectric tube controlled by the feedback 
loop, which varies the position of the sample in the Z-direction [11]. 
 
For the designed cutting mechanism, the bending at the free edge of the cantilever 
beam, originated from the interaction between the tool and the workpiece is 
measured by a linear displacement capacitive sensor. For this particular sensor, 
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every 2.5 [m] of deformation at the free edge of the cantilever beam measured, 
the sensor exhibits 1 [V] of signal. The main task of the FFBC is to maintain 
constant the relative position between the sensor and the measurement plate 
(GAP) by compensating any deformation of the cantilever beam. The force feedback 
controls the expansion and contraction of the PZT actuator during the machining 
process. The closed-loop is constituted by a function generator, to provide the 
reference to the GAP signal; a voltage amplifier; the PZT actuator; the capacitive 
displacement sensor; and a piezo actuator positioning controller, which is operated 
by a proportional and integral (PI) element. In this case, for every 1 [V] that will 
be sent to the PZT actuator, it will expands (or retract if the voltage is reduced) 0.8 
[m]. Considering that the gain of the voltage amplifier is 30 to 1, to have a similar 
displacement on the PZT, the approximate output from the PI controller for every 
1 [V] received from the capacitive sensor is 104.2 [mV]. A schematic illustration of 
the close-loop controller is shown in fig. 3.43 [13]. 
 
 
Fig. 3.43. Schematic of the FFBC system [13] 
 
The feedback control system might be able to compensate part of the geometric 
errors that can be exhibited by the motion system such as axis misalignments or 
errors in the path of the tool. It is necessary as well to provide an offset value that 
will allow the user to increase the depth of the micro-groove to be fabricated. This 
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reference point is an offset value that determines the interaction force between the 
surface and the tool. Therefore, the larger is the value of the reference point, the 
larger will be the cantilever deformation allowed and the cutting depth [13]. 
 
3.3.2.1 Cutting experiments on inclined surfaces 
 
The simplest experiments to be conducted to evaluate the behavior of the CLC 
mechanism while the FFBC system is implemented, is the machining of a surface 
that is not flat. An example of the expected results of this can be observed in fig. 
3.44. When the FFBC is not implemented, as shown in fig. 3.44a, the cutting depth 
would not be constant during the cutting process, and will present error, because 
different to a conventional rigid system, the cantilever will present a different 
deformation depending on the instant cutting force. On the other hand, in fig. 3.44b, 
when the FFBC system is active, it is possible to observe that the mechanism will 
be able to achieve constant cutting depth even if the surface has positive and 
negative inclinations. The PZT actuator, under the command of the PI controller 
will retract when it registers that the GAP is being increased in order to keep a 
constant value; however, when it registers that the GAP is being decreased, it will 
expand to maintain this value constant.  
 
 
Fig. 3.44. Schematic of the CLC mechanism behavior when: 
a) the FFBC is not active and b) the FFBC is active 
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Cutting experiments were conducted on surfaces with a slight inclination to 
observe if the cutting mechanism is able to fabricate micro-grooves with a constant 
cutting depth. Both experiments, when the FFBC system is not active and when it 
is active, were performed to observe the differences between the two cutting 
processes. The table 3.6 summarizes the conditions of the cutting experiments, 
which were performed in the forward direction (the cutting tool facing the front 
face of the mechanism) and over surfaces with positive and negative inclinations.  
 
Table 3.6. Conditions for the cutting experiments on inclined surfaces [13] 
Workpiece 
Material Brass (C2801) 
Surf. inclination ±2 [m/mm] 
Tool characteristics 
Type Single-crystal diamond tool 
Shape V-shape, sharp tip (rtip < 100nm) 
Cutting angles 90 cutting angle, 0 rake angle 
Cutting conditions 
Initial indentation 10 [m] (feed by Z axis) 
Length of the groove 10 [mm] 
Feed rate 6 [mm/min] 
Cutting direction Front cutting 
Others Dry cutting 
 
The normal cutting forces recorded in the cutting experiments are shown in fig. 
3.45 with a simple schematic of the cutting experiment conducted. For the cutting 
experiment over a surface with a positive inclination, when the FFBC was not 
active, it is possible to observe how the normal force got increased as the tool moved 
along the axis. In this case, the cantilever exhibits a larger deformation as result 
of the inclination of the surface. On the other hand, when the FFBC system is been 
used, the inclination of the surface is compensated by the action of the PZT, 
achieving as result a constant normal cutting force and cutting depth. A similar 
behavior can be observed on fig. 3.45, when cutting was performed on a surface 
with negative inclination. When the FFBC was inactive, after running along the 
cutting axis, the tool lost contact with the material; however, if the FFBC is active, 
the closed-loop commands the PZT actuator to expand or retract to maintain a 
constant cutting depth. This can be observed in fig. 3.46, where photographs of the 
grooves obtained using a scanning electron microscope (SEM) [13]. From the 
results of the cutting experiments using the feedback control system, the average 
values of the cutting depth of the groove for the positive and the negative 
inclinations are 17 [µm] and 15.7 [µm] respectively. Considering this values, 
maximum errors of 1.76 % for the positive and 5.1% for the negative inclination 
were registered.  
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Fig. 3.45. Normal cutting force measurement during cutting experiments on 
a) positive and b) negative inclined surfaces [13] 
 
 
Fig. 3.46. Micro-grooves fabricated on inclined surfaces [13] 
112 
 
In the previously described experiments, the Z-axis of the motion mechanism set 
the initial indentation of the tool on the workpiece. For example, in the cutting 
experiments over the surface with a positive inclination, when the FFBC system 
was inactive, the initial indentation was on the order of 10 [m], while when the 
FFBC was active, the indentation was on the order of 17 [m] of cutting depth. The 
reason to have a different initial cutting depths is the initial expansion of the PZT 
actuator required when the FFBC system is active. This represents that when the 
reference voltage is 0 [V], the PZT actuator must be expanded up to the half of its 
stroke, then when the tool starts indenting the material and the FFBC system 
starts working, allowing the occurrence of a certain amount of deformation at the 
tip of the cantilever, obtaining as result a larger cutting depth [13]. 
 
3.3.2.2 Cutting experiments on different materials using the FFBC 
 
An important part of the calibration for the FFBC system is to associate the 
reference value in [mV] to a corresponding normal force and cutting depth.  
Several experiments were conducted where the reference value was varied from 
the minimum to the maximum expansion of the PZT stroke. As mentioned 
previously, when the reference has a value of 0 [mV], the PZT expands to the half 
of its stroke, that means around 60 [m]. Therefore, the variation of the reference 
point includes negative and positive values, in a range between -30 [mV] to 30 [mV]. 
Negative values of the reference point (in the range mentioned) only represents a 
smaller initial expansion of the PZT. When -30 [mV] is set as reference value, the 
expansion of the PZT is almost zero. On the other hand, it is important to mention 
that the deformation of the cantilever beam will vary depending on the material 
used as workpiece. If the cutting experiments were conducted on aluminum (soft 
material), while the deformation of the cantilever beam is small, the cutting depth 
is large. On the other hand, if the cutting process is conducted in stainless steel, 
(hard material), the deformation of the cantilever will be large, but the cutting 
depth small. Therefore, it was proposed to make experiments varying the 
workpiece material, in order to have more information of the behavior of the 
cantilever. The table 3.7 shows the cutting conditions for these experiments. Fig. 
3.47 shows the relationship between the normal cutting force and the reference 
value. As it was expected, independently of the material, the normal force applied 
by the tool to the workpiece, when the FFBC is used, depends on the reference 
value. However, in the case of the stainless steel it is possible to observe a small 
difference in the slope of the curve, representing only a 10% error. The average 
relationship between the reference and the normal cutting force is 0.6165 [mN/mV]. 
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Table 3.7. Cutting conditions for the calibration of the reference value [13] 
Workpiece 
Material Aluminum (A7075),  
Brass (C2801), Copper (1020), 
Stainless Steel (SUS304) 
Surf. inclination 0 [m/mm] 
Tool characteristics 
Type Single-crystal diamond tool 
Shape V-shape, sharp tip (rtip < 100nm) 
Cutting angles 90 cutting angle, 0 rake angle 
Cutting conditions 
Length of the groove 5 [mm] 
Feed rate 6 [mm/min] 
Reference value -30 to 30 [mV] 
 
 
Fig. 3.47. Relation between the reference value and the normal cutting force [13] 
 
On the other hand, when the relationship between the normal cutting force and 
the cutting depth of the groove is analyzed, it is possible to observe that the 
mechanical properties of each material affects the cutting process. The results of 
these experiments are summarized in the graph of fig. 3.48, where it is possible to 
observe that the relationship between the normal cutting force and the cutting 
depth are not completely linear as expected. This phenomenon may be explained 
considering that when very small forces are applied between the tool and the 
surface of the workpiece, the workpiece may present a very slight elastic 
deformation before plastic deformation and material removal occurs. When soft 
materials are machined, it is possible to increase or decrease the grooves depth 
just by varying the cutting force allowed for the experiment, which depends 
directly to the reference value of the control system. However, if hard materials 
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are machined, the cutting depth do not changed significantly even if the applied 
load is large. For that reason, to increase the cutting depth during the machining 
of hard materials, it may be necessary to increase the cantilever stiffness as well. 
 
 
Fig. 3.48. Relation between the normal cutting force and the cutting depth on 
different materials [13] 
 
3.3.2.3 Cutting experiments on curved surfaces 
 
 
Fig. 3.49. Schematic of the cutting on a curved surface using the FFBC [13] 
 
One of the advantages of using this mechanism while the FFBC is active is that it 
is possible the machining of surfaces without previously knowing the geometry of 
it. For example, the machining of several micro-grooves on a curved surface to test 
the capacity of the mechanism. Fig. 3.49 shows a schematic image of this 
experiment. In theory it is very similar to the cutting experiment of inclined 
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surfaces, however in this case, the increment of the cutting depth is not constant 
and the cutting for positive and negative inclination will be performed in the same 
cutting process. A 3-mm in diameter nickel-plated stainless steel ball was 
considered for these experiments. With this ball, a groove of 600 µm of length 
represents a difference in height of approximately 30 [µm] from the start point of 
the cutting to the highest point of the surface.   
 
The first experiment consisted on the fabrication of a single groove, when the FFBC 
system was active and when it was not active, in order to observe the difference 
between both processes. Figure 3.50 shows some SEM images of the results 
obtained from the cutting experiments; a comparison of the cutting depth and the 
length of the groove can be observed. In the experiments tool was set in the desired 
position just out of contact with the material, and then the tool was moved along 
the cutting axis. The figure also shows the grooves fabricated. When the FFBC 
system was not active, a cutting depth of the groove at least three times larger 
compared to the grooves fabricated when the FFBC is active were produced.  
 
 
Fig. 3.50. Single groove fabricated on curved surfaces using the CLC mechanism 
 
From the same experiment, fig. 3.51 shows the normal cutting force recorded by 
the interface; however, it is possible to observe that when the FFBC system is used, 
the recorded force is not completely constant. Part of this error is related to the low 
gain set in the piezo actuator controller because of the low natural frequency of the 
system. Additionally, the initial deformation of the cantilever beam, when the tool 
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makes contact with the workpiece, is different to the deformation exhibited by the 
cantilever when the tool is completely inside the material, therefore, it is not 
completely possible to control the normal force. In this case, average value of the 
cutting depth cannot be defined. To compare both results, maximum deviations are 
considered for both cases (from 0 to 17.2 and to 5.3 [µm] when it is not active and 
when it is active respectively). The force control reduce the deviation to a 30.8% of 
the maximum cutting depth achieved for these experiments. 
 
 
Fig. 3.51. Normal cutting force vs. displacement on the cutting axis during experiments on 
curved surfaces 
 
Finally, as last experiment, it was proposed the fabrication of arrays of grooves on 
the curved surfaces. Examples of those experiments are shown in fig. 3.52. For this 
experiments, less side burr was observed even if direct cutting was performed; for 
that reason it can be concluded harder materials may contribute in the fabrication 
of better quality micro-structures without the necessity of post-processing. This 
results can be compared with the results obtained in fig. 3.39.  
 
 
Fig. 3.52. Micro-grooves arrays fabricated on curved surfaces 
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Finally, it is important to point out that one limitation of this cutting mechanism 
resides in the limited stroke of the PZT; this means that only 120 [m] can be 
compensated by this mechanism. If the compensation required a larger 
displacement, the current mechanism cannot be used correctly. 
 
3.4 Other considerations for the parallel spring cantilever beam 
 
The parallel leaf spring cantilever beam has shown a good performance for the 
fabrication of micro-grooves, especially, when the force feedback control was 
implemented. However, as shown in section 3.3.1, figure 3.21, when the cutting 
process is being performed the deformation of the cantilever is not completely 
linear, therefore, the deformation registered by the capacitive sensor is just an 
average of the real deformation, as shown in fig. 3.53. 
 
 
Fig. 3.53. Non-linear deformation during the cutting process 
 
Considering this fact, it is possible to predict that the cutting direction will affect 
the deformation of the cantilever and therefore, the results obtained from the 
capacitive sensor, although may be very near to the real value, it might present 
errors depending on each case. As first step, a simulation using the finite element 
method analysis was performed, applying cutting forces with the same magnitude 
but in contrary direction. The results for this simulation are presented in fig. 3.54, 
where it is possible to observe a difference in the deformation of the cantilever 
beam. To confirm the theoretical results, cutting experiments were conducted 
varying the direction of cutting and measuring the deformation or each case. The 
results for these experiments is shown in fig. 3.55. 
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Fig. 3.54. FEM analysis of the CLC mechanism considering the cutting direction 
 
 
Fig. 3.55. Cutting experiments considering the cutting direction 
 
The difference between each process is mainly because of the way the cantilever 
deform while the tool tip interacts with the cutting surface. In the case of the 
forward cutting, the mechanism push the tool into the material; in the other hand, 
for backward cutting, the tool is pulled against the material. Based on the results 
of both, simulation and experiments, the deformation exhibited when the tool is 
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pulled against the material (backward cutting) seem to be larger, because the 
deformation seems to be more natural. Unfortunately, with the capacitive sensor, 
it is not possible to observe in more detail the deformation of the cantilever beam 
during the cutting process. This fact represent another disadvantage of the current 
configuration of the non-rigid cutting mechanism; the sensor used to measure the 
deformation of the cantilever can only act on the vertical direction, this means, 
that the normal force applied to the cutting tool can be estimated, however, as 
possible to be seen in fig. 3.56, horizontal component of the cutting force FH cannot 
be determined. 
 
 
Fig. 3.56. Cutting forces during the micro-groove fabrication process 
 
3.5 Summary 
 
The system consists of the following components: 
 Parallel leaf spring cantilever beam,  
 Diamond tool chip, mounted at the tip of the cantilever 
 Linear displacement capacitive sensor, to measure the cantilevers deformation 
during the cutting process 
 PI controller, a voltage amplifier and a piezoelectric actuator, responsible of 
maintaining a constant force on the cantilever beam 
 A motion system for positioning purposes. 
 
Several experiments were conducted to evaluate the performance of this cutting 
mechanism. The following conclusions are drawn from the experimental results: 
 Several experiments were conducted without implementing the FFBC system 
in order to observe the interaction of the non-rigid mechanism and determine 
the best cutting conditions. Table 3.8 shows the optimal cutting conditions for 
this cutting mechanism. 
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 The force feedback control system of the cutting mechanism can maintain a 
constant normal cutting force between the workpiece and the tool. With this, 
the fabrication of micro-grooves with a constant cutting depth even if they are 
fabricated on inclined or curved surfaces is possible, and it also can be consider 
the possibility of using this mechanism for the fabrication of micro-grooves in 
surfaces with more complex topologies. 
 A manufacturing area of several square centimeters was achieved by mounting 
the cutting mechanism developed to a 3-axis machine tool, which also provides 
a resolution 100 [nm].  
 The control system helps to improve the precision of the machine tool used by 
compensating part of its geometric errors.   
 The cutting mechanism can fabricate micro-grooves in different materials; 
which depending on the materials characteristics, the cutting conditions must 
be calibrated to achieve specific results.  
 
Table 3.8. Optimal cutting conditions for the non-rigid mechanism 
Tool characteristics 
Type Single-crystal diamond tool 
Shape V-shape 
Wedge angle 60[],90[] and 120[] 
Rake face angle 0[] and -15[] 
Inclination angle 0[] (orthogonal cutting) 
Cutting conditions 
Feed rate 50 [mm/min] (for ductile mats.) 
Max. indent. depth 40 [m] 
Others Multi-passes technique (to reduce 
lateral burr ) 
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CHAPTER 4: NON-RIGID CUTTING MECHANISM USED FOR THE 
MACHINING OF BRITTLE MATERIALS 
 
4.1 Machining modes for brittle materials: ductile and brittle modes 
 
In mechanical cutting, there are two different types of machining modes in which 
a layer of material can be removed from the workpiece: ductile mode and brittle 
mode. In general terms, the type of machining mode that will be obtained during 
a cutting process depends on the workpiece material properties. For example, when 
materials with high ductility are subjected for machining, the ductile mode is 
achieved and continuous chips can be formed; in the case of brittle materials with 
a low fracture toughness, machining is normally achieved in brittle mode and the 
chip is discontinuous. However, the machining parameters may affect significantly 
the material removal process, allowing that under certain conditions, brittle 
materials, like ceramics, glass and silicon still can be removed with continuous 
chip in ductile mode [1].  
 
4.1.1 Brittle regime cutting of brittle materials  
 
When a brittle material is machined, it can exhibit deformation through various 
mechanisms. When the critical shear stress exceeds the elastic yield stress at any 
point within the material, the mechanism of deformation will change from one of 
reversible energy storage via elastic stretching to one of irreversible energy 
dissipation. Macroscopic fracture propagation, micro-crack formation, phase 
transformation, dislocation and intermolecular sliding are examples of irreversible 
deformation [2]. In the brittle mechanism, a mayor problem is when the material 
removal is accomplished through the propagation and intersection of cracks, which 
leads to the fact that the machined surface might not be useful for the desired 
purpose. 
 
4.1.2 Ductile regime cutting of brittle materials 
 
Ductile regime cutting is very important for the production of large-diameter optics 
and semiconductor substrates. This is because mechanical cutting represents the 
most controllable removal process and is superior from the viewpoint of the 
maintenance of form, accuracy and prevention of scratches [3]. However, it is well 
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known that the machining of brittle materials under conventional cutting 
conditions will induce to fracture rather than chip formation because of the large 
stress concentrations in the cutting zone. The conditions that allows the machining 
of brittle materials in ductile mode have been investigated in several researches 
[1-10]. In most of the cases, plastic deformation can only be achieved, before 
fracture occurs, when the cutting depth is extremely small (under 200 [nm]).  
 
The key parameters to achieve ductile machining are small chip cross section 
(critical depth of cut), which involves a combination of feed, depth of cut and tool 
nose radius, and large negative rake angle. The competition between plastic 
deformation and brittle fracture is based upon the “size effect” such as incorporated 
into Griffith's fracture criterion. The premise is that it takes a given amount of 
energy (specific cutting energy) to cause plastic deformation and fracture (via crack 
initiation and propagation). At small scales, it is easier or energetically more 
favorable to create plastic deformation, whereas at larger scales the reverse is true, 
i.e. it takes less energy (and thus more energetically favorable) to produce brittle 
fracture, this is relying on principles of minimum energy or least work [4]. It has 
been also discussed that the “size effect” can be an important factor depending on 
the defect density in the machining region. When the machining scale is larger 
than a micrometer, micro-cracks and dislocation are usually included in the stress 
field. Therefore, the critical tensile stress decreases as the scale of machining 
increased because the number of defects in the stress field increases. However, 
when the machining scale becomes smaller, fewer defects exists inside the stress 
field, permitting the plastic deformation before cleavage. This size effect can be 
observable in the schematic of figure 4.1 [1]. 
 
 
Fig. 4.1. A model of chip removal with a size effect in terms of defects distribution 
a) Small depth of cut; b) large depth of cut [1] 
 
125 
 
4.2 Cutting experiments of different brittle materials using the non-rigid cutting 
mechanism. 
 
4.2.1 First cutting experiments on glass on flat surfaces 
 
The first experiments on brittle materials performed by this cutting mechanism 
were done on a slide glass with a flat surface. This experiment, similar to most of 
the cutting experiments performed for ductile materials, was proposed but taking 
into account two very important consideration:  
 Cutting depth: Must be of the smallest size possible (because the experiment 
was conducted entirely by the 3-axis machine tool, this means 1 [m]).  
 Very low feed rate: to avoid any kind of vibrations which surely will propitiate 
cracks generation.  
 
Although several of the cutting experiments performed allowed ductile mode 
cutting, one of the most remarkable results is presented on fig. 4.2. In the image it 
is possible to observe a single groove fabricated entirely in ductile mode and jus 
beside it a very long (> 500 m of length) glass chip. Also a zoom is shown for each 
the groove and the glass chip to have a better view of the result obtained.  
 
 
Fig. 4.2 Cutting in crown glass using a non-rigid cutting mechanism.  
(Avg. cutting depth: 0.90 m) 
 
Based on these results obtained, several cutting experiments were performed using 
the non-rigid cutting mechanism in order to obtain more information about the 
behavior of the cutting mechanism and of the brittle materials.  
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4.2.2 Plunge cutting experiments on different brittle materials 
 
A fundamental experiment was proposed to test the capacities of this system and 
to observe the machining of different brittle materials using the non-rigid cutting 
mechanism. The experiment consists of plunge cutting on an inclined surface of 
different brittle materials. The inclined cutting permits the study of varying 
depths of cutting along the tool path (fig. 4.3).  
 
  
Fig. 4.3 Plunge cutting experiments on inclined surfaces for brittle materials 
 
It is important to consider that the conditions for the machining of brittle materials 
are quite different from the conditions for metals and ductile materials. Cutting 
conditions for these experiments are presented on table 4.1. For this experiments 
it was decided to use the parallel leaf spring cantilever system. The main goal is to 
observe the behavior of the cantilever beam during the cutting process. Also, in 
case that ductile mode was achieved, it is required to determine the critical cutting 
depth (maximum cutting depth to obtain ductile mode cutting) of each material. 
For this experiments, low feed rate will be used to avoid the tool breakage. It was 
planned to perform the experiments in glass (slide glass), Si wafer and SiC wafer. 
Several researchers suggest the use of negative rake face angles for the machining 
of brittle materials [9,10]. For these experiments, 0 [] and -30 [] angles will be 
compared as well. In table 4.1, the initial indentation is marked as cero, because 
the cutting will start outside the material, but the cutting tool will be so near to it, 
that eventually, during the travel along the horizontal axis, it will be in contact to 
the workpiece material.  
 
Fig. 4.4 shows a schematic of the cutting process to be performed and its expected 
result. Figures 4.5 and 4.6 shows the micro grooves fabricated on each material 
127 
 
when the rake face angle was 0 [] and -30[] respectively, and figures 4.7 and 4.8 
shows the normal cutting force recorded for each experiment. 
 
Table 4.1. Cutting conditions for experiments on brittle materials 
Workpiece Tool 
Material Glass, Si, SiC Tool type Single crystal diamond 
Surf. inclination +1 [m/mm] Tool shape V-shape 
Initial indentation 0 [m] Wedge angle () 90 [] 
Feed rate 5 [mm/min] Rake angle () 0, -30 [] 
Cutting direction Forward Inclination angle () 0 [] 
 
 
Fig. 4.4. Schematic of the experiment on brittle materials 
 
 
Fig. 4.5. Normal cutting force vs cutting depth for various brittle materials with a 
rake face angle of 0 [] 
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Fig. 4.6. Micro-grooves fabricated on various brittle materials (0 []) 
 
 
 
 
 
Fig. 4.7. Normal cutting force vs cutting depth for various brittle materials with a 
rake face angle of -30 [] 
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Fig. 4.8. Micro-grooves fabricated on various brittle materials (-30 []) 
 
According to the results obtained, the machining of brittle materials shows a 
significant difference compared to ductile materials. To have a point of reference, 
the average normal force required to create a groove of 5 [m] of depth on brass is 
13.73 [mN] using a 0 [] rake face angle and the 90 [] diamond tool; with the same 
cutting conditions and normal cutting force, a groove of 0.6 [m] in SiC, a groove 
of 0.85 [m] in Si and (using the tendency line) a groove of 1.5 [m] in glass would 
be fabricated.  
 
On the other hand, based on fig. 4.5 and 4.7, when the rake angle of the tool is 
more negative, the cutting force gets increased, due to the larger contact area 
between the tool and the workpiece. However, based on the images of the 
experiments taken using a SEM, the negative rake face angle helps to increase the 
critical cutting depth in the case of Si and SiC. In the case of the crown glass, for 
both cases of rake face angles, even some isolated cracks are visible, the cutting 
can be considered as it was realized in ductile mode. In the case of Si and SiC 
presents both ductile and brittle mode can be observed. This analysis is done 
considering only the cracks visible in the surface of the material, internal cracks 
cannot be observed using a SEM. From these results, it is confirmed that the use 
of negative rake face angles is important for the machining of brittle materials, 
however, according to the graphs, the normal cutting force is considerably larger 
which may suggest that less negative angle may be more convenient (i.e. -15 []). 
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The main problem found during these cutting experiments, is that the diamond 
tool got broken in just few cuttings, due to the hard nature of the materials, 
especially when the cut was performed on the Si and SiC. It is important to remark 
that the tool life get decreased drastically when the normal cutting force applied is 
large. For that reason, it is again suggested to use negative rake face angles with 
smaller value (-15 []) of rake angle and very small initial cutting depth, especially 
if the machining will be performed on SiC or Si.  
 
Another factor that affects the experimental results is the hardness of the material. 
Hardness is normally proportional to its brittleness. Commonly, the harder is a 
material the more brittle it becomes. Based on this, the machining of softer glasses 
exhibits a more ductile behavior, especially when the non-rigid cutting mechanism 
is used, therefore, larger cutting depths in ductile mode can be achieved. Table 4.2 
shows the mechanical properties of the materials used during the cutting 
experiments. 
 
Table 4.2. Mechanical properties of different brittle materials used during cutting 
experiments  
Material 
 
Properties 
Crown 
glass 
Optical Si SiC Soda lime 
glass 
Fused 
silica 
Density 
[g/cm3] 
2.55 2.33 3.2 2.5 2.2 
Young Modulus 
[GPa] 
71.5 131 370-490 72 73 
Tensile strength  
ultimate [MPa] 
30 110 210-370 41-180 50 
Poisson’s 
Ratio 
0.22 0.28 0.15-0.21 0.23 0.17 
Hardness 
[Kg/mm2] 
542 1100 2500-2900 570 600 
 
 
4.2.3 Cutting experiments on glass 
 
As it was observed from the previous experiments, the non-rigid cutting 
mechanism seems to have a good behavior for the machining of brittle materials, 
achieving ductile mode cutting in micro-scale. Therefore, in the following 
experiments, the optimal cutting parameters will be determine specifically for this 
cutting mechanism. Table 4.3 shows the cutting parameters for these experiments, 
which some are varied depending on the cutting experiment performed.  
131 
 
 
 
Table 4.3. Cutting conditions for experiments on glass 
Workpiece Tool 
Material Crown, soda glass, 
fused silica 
Tool type Single crystal 
diamond 
Surf. inclination 0-3 [m/mm] Tool shape V-shape, flat tool 
Initial indentation 0-20 [m] Wedge angle () 90 [] 
Feed rate 6 - 3000 [mm/min] Rake angle () 0, -15, -30 [] 
Cutting direction Forward Inclination angle () 0 [] 
 
 
4.2.3.1 Plunge cutting experiments on different kinds of glasses 
 
In first place, it was decided to evaluate the performance of this cutting mechanism 
on different kind of glass, to observe the impact of the harness of each material 
and observe whether it is possible to perform ductile mode cutting on other types 
of glasses. The specimens were selected as follows: typical slide glass (crown glass), 
special slides of soda lime glass, and fused silica. The surface inclination was 1 
[m/mm], the wedge angle selected was 90 [] and the cutting speed was 10 
[mm/min]. Figure 4.9 shows SEM images of the micro-grooves fabricated on the 
different types of glass and an average of cutting depth on different positions along 
the grooves. It is possible to observe that crown glass and soda lime glass can be 
machined under ductile conditions when the cutting is performed under 3 [m]. 
Fused silica is shows to be difficult to be machined under ductile conditions if the 
cutting depth is larger than 1.40 [m]. After this value, brittle mode is easily 
achieved. Finally, a not common result was obtained for the Pyrex sample. The 
ductile mode was achieved during all the cutting, however, the cutting depth was 
barely modified during the process. Figure 4.10 shows the relationship between 
normal cutting force and the cutting depth for each case.  
 
Based on the results obtained, crown glasses and soda lime glasses present the 
best conditions to achieve ductile mode cutting. However, it was observed that in 
all cases, it is possible achieve ductile mode cutting up to 1 [m] of cutting depth. 
However, as mentioned before, cutting parameters may influence the conditions to 
achieve or not to achieve ductile mode cutting. Therefore, parameters such as the 
rake face angle, the wedge angle and the cutting speed was analyzed 
experimentally as shown in the following sections. 
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Fig. 4.9. Micro-grooves fabricated on various types of glass 
 
 
Fig. 4.10. Normal cutting force vs. cutting depth for various types of glass 
 
4.2.3.2 Effect of the cutting speed 
 
To evaluate this parameter, the feed rate parameter was varied at the control 
interface from 6 [mm/min] to 3000 [mm/min]. It is important to mention that the 
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control interface performs an acceleration and deceleration ramp to reach the 
desired maximum speed, therefore, in the experiments it is expected ductile mode 
cutting at the beginning and at the end of the groove, without considering the 
maximum speed. Other parameters were defined as follows: workpiece material: 
slide glass; workpiece inclination is 0 []; rake face angle of 0 []; wedge angle of 90 
[]; and an initial indentation of 2 [m]. 
. 
 
Fig. 4.11. Micro-grooves fabricated on slide glass depending on the cutting speed 
Based on the results shown in fig. 4.11, it is possible to conclude that feed rate is 
essential to achieve ductile mode cutting. Only when the cutting speed of 6 
[mm/min] or 100 [m/s] was applied, ductile mode cutting was achieved. However, 
it is believed that under certain conditions faster speeds (up to 60 [mm/min] or 1 
[mm/s]) ductile mode cutting may be achieved. Figure 4.12, shows the recorded 
normal cutting force during the experiments where the feed rate was varied. It is 
possible to observe that the cutting speed and the normal cutting force are directly 
related. The faster the experiment is performed, the larger the normal cutting force 
becomes, which of course is not convenient for the machining of brittle materials.  
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Fig. 4.12. Force recorded during experiments where the cutting speed was varied 
 
4.2.3.3 Effect of the rake face angle 
 
In this stage, it is well known that negative rake face angles are suggested to be 
used for the machining of brittle materials [10-11]. Therefore it was suggested to 
perform some cutting experiments varying the rake face angle: 0 [], –15 [] and -
30[]. In this mechanism, negative rake angles will be achieved by the natural 
deformation of the cantilever beam during the machining as it is possible to 
observe in fig. 2.32. Other cutting parameters were defines as follows: workpiece 
material: slide glass; workpiece inclination is 0 []; wedge angle of 90 []; cutting 
speed of 10 [mm/min]; and an initial indentation of 3 and 5 [m]. On figures 4.13 
and 4.14, the results for the groove with an initial indentation of 3 [m] are 
presented. For the 5 [m] groove, the results are shown in figs. 4.15 and 4.16. A 
very notorious difference can be observed on both experiments. With negative rake 
face angles, grooves with much larger cutting depth can be obtained compared to 
the case when the rake face angle is 0 [], but the normal force is in a similar 
magnitude. On the other hand, in both cases, the -30 [] angle presents larger 
normal cutting force than the -15 []; however, the cutting depth was larger for the 
experiments using the -15 []. From this results, -15 [] rake angle shows the best 
performance during the cutting experiments.  
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Fig. 4.13. Grooves fabricated on experiments with different rake face angle  
(3 [m]) 
 
 
 
 
Fig. 4.14. Normal Force for experiments for different rake face angles (3 [m]) 
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Fig. 4.15. Grooves fabricated on experiments with different rake face angle  
(5 [m]) 
 
 
Fig. 4.16. Normal Force for experiments with different rake face angles (5 [m]) 
 
Most of references talking about extreme negative rake face angles are in 
nanometric scale, therefore, the results may be a little bit different to our case. 
However, for micro-scale, it seems that very large negative angles will just increase 
the cutting force, which eventually will conduct to the increase of the critical stress 
in the cutting zone, and in consequence to the generation of cracks in the machined 
surface. However, considering the -15 [] angle, it seems that the non-rigid cutting 
mechanism reach a balance point (due to the natural deformation of the cantilever 
beam) that allows the fabrication of grooves in ductile mode.  
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4.2.3.4 Effect of the wedge angle 
 
For the case of the wedge or cutting angle of the tool, it is believed that larger 
wedge angles will show a better performance compared to very sharp edges. This 
is because the sharper is the tool, the larger will be the concentration of stress in 
the tip. However, it is very important to consider that to achieve a similar cutting 
depth, larger forces will be required because the cutting force will always be related 
to the amount of material to be removed and with a larger wedge angle, the contact 
area between the tool and the workpiece got increased. Three different diamond 
tools are available with wedge angles of 60, 90 and 120 []. The three angles were 
evaluated under the following cutting conditions: workpiece material: slide glass; 
workpiece inclination is 1 [m/mm]; cutting speed of 10 [mm/min]; and an initial 
indentation of 0 [m]. 
 
 
Fig. 4.17. Grooves fabricated on experiments with different wedge angles 
 
Based on the results, it is possible to observe that as predicted, normal cutting 
force is closely related to the geometry of the diamond tool. In this case, the 60 [] 
angle shows the smaller relationship between the cutting depth and the normal 
cutting force as it is possible to observe on fig. 4.18. However, as it was also 
predicted, the sharper is the cutting edge, it results more complicated to achieve 
ductile mode cutting. The groove fabricated using the 60 [] cutting angle has 
cracks in different parts of the body. In the other two cases, ductile mode cutting 
was achieved without many problems. Therefore, for future experiments, 90 and 
120 [] is suggested to be used for the fabrication of micro-grooves in ductile mode. 
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Fig. 4.18. Normal Force for experiments with different wedge angles 
 
4.3 Stress condition on the cutting zone 
 
From the experiments performed, it is very important to try to understand the 
reason why such results are being achieved during the cutting process of glasses 
using the non-rigid cutting mechanism. 
 
4.3.1 Compressive stress condition on the workpiece 
 
Some researches indicate that it is possible to, not solely to achieve ductile mode 
cutting, but to increase the size of the cutting depth. The main consideration of 
this research is based on the fact that crack propagation can be controlled by 
applying an external hydrostatic pressure to the material during the cutting 
process, which will help to reduce the stress intensity factor at the tip of the pre-
existing cracks and flaws in the workpiece until it become less than the fracture 
toughness [11-12].  
 
When a single point tool is used for the machining of brittle materials, stress arises 
in the vicinity of the material in contact with the tool edge. The stress originated 
acts on micro cracks present inside the material, causing a large stress 
concentrations on the crack tips obtaining as result the material’s fracture [12] 
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(fig.4.19). However, when a hydrostatic stress P is applied to the material, the 
stress  is decreased by action of the external pressure, which helps to reduce the 
fracture of the workpiece. As result, it is possible to increase the depth of cut 
significantly.   
 
 
Fig. 4.19. Fracture of brittle materials in micro-scale 
 
According to [11], the condition of crack propagation can be explained by following 
equation:  
 
𝐾𝐼 > 𝐾𝐼𝐶      (4.1) 
 
where the KIC represents the fracture toughness of the material, while KI is the 
stress intensity factor, expressed by the following equation:  
 
𝐾𝐼 = 𝜎√𝜋𝑎      (4.2) 
 
where the tensile stress is represented as σ, and acts on a micro cracks with size a. 
When hydrostatic stress P is applied to the material, as shown in fig. 4.20, stress 
σ is decreased and Eq. 2 is changed to: 
 
𝐾𝐼 = (𝜎 − 𝑃)√𝜋𝑎 = 𝜎√𝜋𝑎 − 𝑃√𝜋𝑎 = 𝐾𝐼 − 𝐾𝑃  (4.3) 
 
 
Fig. 4.20. Compressive stress condition to achieve ductile mode in micro-scale 
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Consequently, hydrostatic pressure decreases the stress intensity factor and 
reduces the fracture of work material. From the energetic point of view of the 
material-removal process, it seems that the main consideration to achieve ductile 
mode cutting of brittle materials is the reduction of the stress concentration in the 
cutting zone. 
 
4.3.2 Stress reduction due to the action of the cantilever beam 
 
Based on the previous analysis, it is possible to make some similar assumptions 
and to try to understand more clearly the phenomenon happening when the non-
rigid mechanism is used. For this analysis, the stress intensity factor is also 
considered. In fracture mechanics, KI is a parameter that predicts the stress 
intensity near to the crack tips caused by a remote load or by residual stresses.  
 
Let us consider an infinite plate with uniform uniaxial stresses and with a small 
crack a in the centre, the KI can be also defined as in eq. 4.2. In this case,  
represents the stress applied from the tool to the workpiece. The stress  can be 
defined by eq. 4.4, where FC represents the cutting force and AC represents the 
transversal area of cutting.  
 
𝜎 =  𝐹𝐶/𝐴𝐶   (4.4) 
 
On conventional mechanisms, one common characteristic is the high rigidity of the 
system. Then, when the cutting experiments are performed using a conventional 
cutting mechanisms, the whole force component FC is manly focused on the 
workpiece and its reaction on the diamond tool (fig. 4.21).  
 
 
Fig. 4.21. Analysis of the behaviour of a conventional mechanism for the 
machining of brittle materials. 
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When the experiments are performed using a non-rigid mechanism (fig. 4.22), 
although the system also exhibits a deformation caused by the force FC, which can 
be defined by eq. 4.5, part of the cutting force is required to deform the cantilever 
beam F ; then, only a smaller part of the total force, which can be defined as the 
effective cutting force FC’ will be applied to the material.  
 
𝐹𝐶 = 𝐹𝐶
′ + 𝐹𝛿   (4.5) 
 
 
Fig. 4.22. Analysis of the behaviour of a non-rigid cutting mechanism for the 
machining of brittle materials. 
 
Considering eqs. 4.4 and 4.5 in eq. 4.2, it is possible to define eqs. 4.6 to 4.9. This 
last equation indicates that the effective stress intensity factor KI’, when a non-
rigid cutting mechanism is used, is reduced by the action of the deformation 
exhibited by the cantilever beam (K). Therefore, this kind of systems may help in 
the machining of brittle materials without the propagation of cracks. With this 
explanation, it is also possible to conclude that the tool wear and the possibility of 
tool breakage will be also reduced when the process is performed using the non-
rigid mechanism due to the stress absorbed by the cantilever deformation, which 
implies a reduction in the stress applied to the tool tip. 
 
 
𝐾𝐼 =  ((𝐹𝐶
′ + 𝐹𝛿)/𝐴𝐶)√𝜋 ∙ 𝑎   (4.6) 
 
𝐾𝐼 = (𝜎
′ + 𝜎𝛿)√𝜋 ∙ 𝑎   (4.7) 
 
𝐾𝐼 = 𝐾𝐼
′ + 𝐾𝛿   (4.8) 
 
𝐾𝐼
′ = 𝐾𝐼 − 𝐾𝛿   (4.9) 
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4.3.3 Simulations using the finite element method 
 
The previous explanation can be easily observed by implementing simple Finite 
Element Method stress analyses to the model of the cutting mechanism. To make 
a comparison, both, a solid body and the non-rigid mechanism were analysed. The 
solid body can replace the cantilever beam without affecting the position of the tool 
and the measurement point. An example of this analysis can be observed in figure 
(4.23). The simulation was performed in order to achieve similar results to real 
experiments, and both mechanism were analysed simultaneously. The contact 
point between the tool and the workpiece is defined as a bonded condition. A small 
displacement is performed by the workpiece, while the support of both cutting 
systems is fixed. From the results obtained, the most important consideration is a 
rate of the stress reduction when the non-rigid mechanism is used. In both cases, 
for the workpiece and the tool, the stress was reduced approximately in 40% of the 
total cutting stress.  
 
 
Fig. 4.23. FEM stress analysis comparing a rigid body and the non-rigid 
mechanism 
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4.4 Cutting experiments comparing rigid and a non-rigid mechanisms 
 
Until this moment, the machining of brittle materials, especially of glasses, using 
the non-rigid cutting mechanism has shown good results. In specific, the creation 
of micro-scale grooves in glass in ductile mode represents a significant result, 
considering that the experiments were performed without environmental 
restrictions, only under some temperature and humidity control.  
 
However, it is not completely clear the reason of why such kind of good results are 
been obtained. One theory to achieve these results is that during the cutting 
process, the deformation exhibited by the cantilever beam reduces part of the 
stress concentrated in the cutting zone, a fact which, as mention at the beginning 
of this chapter, may help in the machining in ductile mode.  
 
Additionally, the some error sources such as vibration may be partly absorbed by 
the deformation of the cantilever beam. One possible way to observe if this 
conclusions are valid is to compare results from cutting experiments using a solid 
dummy (rigid body) and the CLC mechanism.  
 
The idea of using a rigid element consist on apply similar cutting conditions and 
perform cutting experiments on glass and observe the results obtained. 
Considering the theory proposed, it is expected that crack-free cutting can be only 
achieved using the cantilever beam, while the rigid body will create grooves in 
brittle mode. This solid dummy was designed and built with the same dimensions 
of the cantilever system to replace it without modifying the tool position.  
 
The experimental stiffness of the rigid body and the cantilever are 1256.6 [N/mm] 
and 41.68 [N/mm] respectively. It was determined in a similar way to the 
calibration for the cantilever beam described in section 3.2.2, considering that the 
capacitive sensor and driver can detect variations under 15 [nm] as described in 
sections 3.1.2 and 3.2.1. An image of the mechanism with the rigid body compared 
with the CLC mechanism can be observed in fig. 4.24. 
 
Several experiments were conducted to observe the difference while using the CLC 
mechanism and the rigid body. Cutting conditions are shown in table 4.4. The 
experiments will be performed on inclined surfaces to determine the critical cutting 
depth for both cases. Figs. 4.25 and 4.26 show the results of these experiments. 
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Fig. 4.24. Cutting mechanism with a solid dummy instead of the cantilever beam 
 
Table 4.3. Conditions for experiments using the rigid body and the CLC mech. 
Workpiece Tool 
Material Crown glass Tool type Single crystal diamond 
Surf. inclination 1 [m/mm] Tool shape V-shape 
Initial indentation 0 [m] Wedge angle () 90 [] 
Feed rate 9 [mm/min] Rake angle () 0 [] 
Cutting direction Forward Inclination angle () 0 [] 
 
 
Fig. 4.25. Cutting experiment using the cantilever beam 
 
From the cutting experiment results, it is possible to observe that ductile mode 
cutting was also achieved using the rigid body. However, comparing the critical 
cutting depth for both cases, it is obvious that when the cantilever beam is used, a 
larger cutting depth in ductile mode can be machined. This experiment was 
performed several times, obtaining similar results. Although the experiments 
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shows some different results when the cantilever beam and the rigid body are used, 
it is still not clear the reason why it is possible to obtain ductile mode cutting in 
micro-scale. 
 
 
Fig. 4.26. Cutting experiment using the solid dummy 
 
4.4.1 Photoelastic stress analysis 
 
A possible method to observe more clearly the behavior of the cutting mechanism 
during the fabrication of micro-grooves in glass, is to apply the photoelastic stress 
analysis. This non-contact analysis is used to study mechanical components with 
complicated geometry and/or with complicated loading conditions, and it is 
commonly applied to transparent materials which exhibits the birefringence 
property. When a ray of light is directed to a photoelastic material subjected to 
stress, its electromagnetic wave components are resolved along the principal stress 
directions, experiencing a change in the index of refraction, or phase difference, 
which is analyzed by a polariscope, obtaining as result information about the stress 
applied to the sample [13].  
 
A common setup for this kind of experiments is using a high-speed camera with a 
polariscope included, to record the stresses exhibited in the cutting zone, and a 
source of light with a polarized filter [14]. A schematic of this configuration applied 
to our experiment can be observed in fig. 4.27. One of the main complication with 
these arrangement is that it is suggested to use thin glass samples to allow the 
light to travel easier along the workpiece material during the cutting experiments, 
thus allowing a better visualization of the phenomenon.   
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Fig. 4.27. Schematic image of the experimental arrangement for the photoelastic 
stress analysis 
 
4.4.2 Considerations to apply the photoelastic stress analysis 
 
As mention previously, it is suggested to perform the cutting experiments on tin 
glass plates to obtain the best results for the observation of the stress field inside 
the material. Previous samples of crown glass and soda lime glass were used for 
these experiments, but instead of using the largest surface, the cutting 
experiments were proposed to be performed in one of the edges of the sample. A 
small vice was used to clamp the material and the sample was set between two 
aluminum plates to give support considering that the vice clamps were too small 
compared to the glass samples. This can be observed in fig. 4.28, as well as the 
experimental setting. The configuration consisted on using the Photron High-
Speed camera SA5 [15] with a polariscope included and a LED light source [16], 
which has attached a polarizer. The camera was set over a mechanism that can 
provide positioning in 3 directions (XC, YC and ZC) in order to localize the cutting 
area and for focusing purposes. 
 
It is also important to consider that the position of the tool in the edge of the 
workpiece may affect significantly the results obtained on the photoelastic analysis, 
as well as the general cutting process. Following common logic, the most 
recommended place to set the tool and to perform the cutting process must be in 
the center of the edge of the glass sample, where the material is more unlikely to 
get broken. However, for the photoelastic stress analysis, the center of the sample 
may not be the best place in which the observation can be done in the optimal 
conditions. From this point of view, the tool must be positioned as near as possible 
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to the lens of the camera to have a better focus point. Unfortunately, if the cutting 
experiment is performed in the vicinity of the edge, and considering that the most 
likely crack that might be developed during these kind of cutting experiments 
might be vertical cracks, it is very probable that the material edge will get broken, 
as it can be seen in the schematic of fig. 4.29.  
 
 
Fig. 4.28. Configuration of the experimental system to apply the photoelastic 
stress analysis 
 
 
Fig. 4.29. Effect of the position of the tool during the cutting process at the edge 
of the glass samples 
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Several experiments were performed to determine the nearest safe zone in which 
the material may allow the cutting process without the edge got broken. Based on 
the results, and as shown in fig. 4.30, 80 [µm] is a good value to avoid breakage, 
meanwhile the cutting is small. For future experiments, it was decided that 
performing the cutting at a distance of 100 [µm] from the edge might give an extra 
security factor.  
 
 
Fig. 4.30. Nearest distance in which cutting experiments can be performed 
without the fracture of the edge of the glass sample 
 
4.4.3 Cutting experiments applying the photoelastic stress analysis 
 
In the first experiments, the cutting process were performed at the edge of 
microscope slides made of crown glass with dimensions of 76 x 26 [mm] and an 
approximate thickness of 1 [mm]. Prior performing these experiments, it was 
necessary to calibrate the initial indentation of the cutting tool in order to obtain 
a similar resultant cutting depth for both cases. This is necessary, considering that 
the cantilever beam exhibits a much larger deformation compared to the rigid body, 
therefore, if the same initial indentation is applied, the resultant cutting depth will 
be different, as illustrated in fig. 4.31. Several cutting experiments were performed 
trying to produce ductile mode cutting and record at the same time the stress field, 
but in most of cases, the attempt was unsuccessful. This was because the cutting 
force present during the cutting process is very small and the lenses zoom power 
is not very large to observe in detail the cutting experiments. It was therefore 
decided to perform cutting experiments with a resultant cutting depth near 5 [m] 
even if the cutting process will be performed in brittle mode. In any case, even if 
the cutting depth is similar, with the rigid body it is expected to observe a larger 
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stress intensity compared to the results obtained using the cantilever beam. In fig. 
4.31, the noise observed in the curve representing the rigid body behavior, seems 
large, but it is basically because of the very large gain used to transform from the 
electrical signal obtained from the sensor to the mechanism deformation of the 
system and then to the normal cutting force.  
 
 
Fig. 4.31. Cutting depth considerations for the experiments using the rigid and 
the non-rigid cutting mechanisms 
 
Results of these cutting experiments can be seen in figs. 4.32 and 4.33. In fig. 4.32, 
an image of the normal lateral view of the experiment can be observed, and it is 
associated with images taken of the resultant groove observed with the SEM. In 
fig. 4.33, it can be observed the stress field recorded by the high-speed camera. This 
particular result, shows clearly that the stress field generated using the cantilever 
beam is much smaller than the one using the rigid mechanism, even if the targeted 
cutting depth is the same.  
 
Finally, it is important to point out that the results obtained with the photoelastic 
analysis are not absolute values, although it can be used as reference to obtain 
some information of the cutting experiment. For this, it is necessary to determine 
the phase difference   using the stress-optic law (eq. (4.10)), where (1 – 2) 
represents the principal stress difference (experimentally, two conditions of the 
material were recorded, without load 1 and under load 2), C is the photoelastic 
coefficient, t is the thickness of the material and   is the wavelength of the light 
source used (520 nm). In this research, the phase difference  multiplied by (/2) 
(the optical path difference), describes the phase difference [17].  
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δ = 2π C t (𝜎1 − 𝜎2)  ⁄   (4.10) 
 
 
Fig. 4.32. Cutting experiments comparing a rigid mechanism and the CLC 
mechanism 
 
Fig. 4.33. Results obtained from the photoelastic analysis comparing a rigid 
mechanism to the CLC mechanism 
 
A second cutting experiment was performed by rotating the cutting mechanism 
and the tool was now facing the camera. In this experiment, it was intended to 
observe the frontal stress field during the cutting process. For this experiment, the 
camera was focused at the place where the cutting must end; however, due to the 
position of the system, it was possible to observe part of the stress field generated 
by the interaction between the tool and the workpiece surface prior to the arrival 
of the tool to the measurement point. Fig. 4.34 shows the results obtained during 
this experiments, as well as an image of the fabricated groove using the SEM. 
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Fig. 4.34. Front view of the stress field and groove fabricated comparing the non-
rigid mechanism and the rigid dummy 
 
In this experiment it is also possible to observe that the stress field is larger when 
the cutting is performed using the rigid body in comparison when the cantilever 
beam is used.  
 
4.4.4 Plunge cutting experiments applying the photoelastic stress analysis 
 
The final cutting experiments using the photoelastic analysis were performed on 
inclined surfaces. According to the calibration, the inclination of the surface was 
quite high, approximately 13.5 [µm/mm]. The reason to choose so inclined surface 
is because the amount of data recorded by the camera is limited and therefore it is 
necessary to try to observe as fast as possible the change on the stress field.  
 
The obvious advantage from the cantilever beam in comparison to the rigid body 
is that the deformation of the cantilever beam allows a slower change in the cutting 
stress applied by the tool. Then in a short focusing area, when the cantilever beam 
is used, the change in the stress field may not be very different; in contrast, when 
the rigid body is used, in a short distance, a large difference in the stress 
concentration can be visualized.  
 
The previous statement can be confirmed by fig. 4.35 and 4.36, for the cantilever 
beam and the rigid body experiments respectively. The micro-grooves fabricated on 
each cutting experiments can be observed in figs. 4.37 and 4.38, images taken from 
a SEM. It is possible to observe the difference in the length of the micro-groove 
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fabricated, which is larger for the non-rigid cutting mechanism. It is also possible 
to observe that the micro-groove fabricated was also larger cutting depth in the 
case when the experiment was performed using the cantilever beam; on the other 
hand, when the rigid body was used, a large fracture of the material was obtained 
at a smaller cutting depth in comparison with its counterpart fabricated with the 
non-rigid system.  
 
 
Fig. 4.35. Photoelastic stress analysis to soda lime glass when the non-rigid 
cutting mechanism is used 
 
 
Fig. 4.36. Photoelastic stress analysis to soda lime glass when a conventional 
rigid mechanism is used 
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Fig. 4.37. Groove fabricated with the non-rigid cutting mechanism 
 
 
Fig. 4.38. Groove fabricated with the rigid body 
 
Although in the case of the groove fabricated with the non-rigid mechanism also 
presents several cracks, it is very evident that the reduction of the stress in the 
cutting zone, allows the creation of a much deeper groove without the complete 
destruction of the material.  
 
4.5 Cutting experiments on curved surfaces using the FFBC system 
 
Similar to experiments performed on metals, described in section 3.3.2.3, an 
experiment to observe the behavior of this cutting mechanism while cutting on a 
glass curved surfaces was performed. For this experiment, it was necessary to 
apply the FFBC in order to obtain a constant cutting depth; in order to avoid 
possible breakage of the tool, experiments without using the FFBC system were 
avoided. The cutting parameters for this experiments are shown in table 4.4 
 
Results are presented on figs. 4.39 and 4.40. Fig. 4.39 shows a photography taken 
using an SEM of some cutting experiments. It is possible to observe that the cutting 
process was achieved in ductile mode, as no cracks were observed. Fig. 4.40 shows 
the normal force recorded during the cutting process. As previously, the cantilever 
exhibits a small deformation, which indicates that the cutting force is not 
completely normal. However the deformation observed is really small, therefore, it 
can be attributed to the low gain of the system and to the fact that the cutting 
started with the tool not making contact with the workpiece.  
154 
 
Table 4.4. Cutting conditions for experiments on a glass curved surface 
Workpiece Tool 
Material 3 [mm]-diameter 
glass sphere 
Tool type Single crystal 
diamond 
Length of cutting y500 [m] Tool shape V-shape 
Initial indentation 0 [m] Wedge angle () 90 [] 
Feed rate 6 [mm/min] Rake angle () 0 [] 
Cutting direction Forward Inclination angle () 0 [] 
 
 
 
Fig. 4.39. Cutting experiments on a glass sphere 
 
 
Fig. 4.40. Normal Force for the experiments on a glass sphere 
 
Additionally, an array of linear grooves was machined on a similar glass sphere. 
Photographs of the machined surface were taken using a SEM and a conventional 
camera (Fig. 4.41). Ductile mode was obtained during this experiment with an 
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average cutting depth of 0.80 [m]. In fig. 4.41, the image of the glass sphere shows 
a metal coating for observation purposes in the SEM.  
 
 
Fig. 4.41. Array of grooves on a glass sphere 
 
In fig. 4.41, it was observed in the yellow circle that in occasions, the cutting was 
not completely achieved. Therefore, it was proposed the observation of the cutting 
from the lateral view of the cutting process. In this case, the Photron FASTCAM 
SA5 high speed camera was used. With this device, it is possible to obtain 7500 
frames per second (fps) at megapixel resolution, and up to 1 million fps in reduced 
resolution [12]. Fig. 4.42 shows some images taken during the cutting experiment 
on a glass sphere. This experiment was performed with the diamond tool with a 
rake face angle of 0 [].In the image sequence it can be observed the compensation 
hC performed by the relative motion of the PZT actuator, which, in this case, is in 
the order of 30 to 40 [m]. In the last frame, it can be seen that due to the curvature 
of the sphere, the flank angle of the tool is touching the workpiece while the tip is 
already outside the material. 
 
A similar experiment was performed but using the diamond tool with a rake face 
angle of -15 []. In this case, due to the inclination of the tool to obtain the negative 
rake face angle, the flank angle have a different inclination, and then during the 
cutting experiment, the flank angle does not make contact with the workpiece at 
any time. This can be observed in Fig. 4.43.  
 
Therefore, for the fabrication of grooves in curved surfaces, it results much more 
suitable to use negative rake face angles, especially the -15 [] angle, which has 
performed with very good results in previous experiments. 
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Fig. 4.42. Lateral view of the cutting on a glass sphere (rake face of 0 []) 
 
 
Fig. 4.43. Lateral view of the cutting on a glass sphere (rake face of -15 []) 
 
4.6 Conclusions  
 
Form this chapter, it is possible to conclude the following statements: 
 The non-rigid cutting mechanism allows the fabrication of micro-scale grooves 
in glass in ductile mode. 
 A rigid dummy was developed to substitute the cantilever system and then 
observe the behavior of this mechanism in comparison to the CLC mechanism. 
 Although when the rigid mechanism was used, it was still possible to create 
micro-scale ductile mode cutting. However, when the cantilever beam is used, 
the critical cutting depth is larger. 
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 The photoelastic analysis shows that the stress generated in the cutting zone 
during the machining process is smaller when the CLC mechanism is used 
than when the rigid body is used. 
 Cracks were generated in both cases, however, the size and amount of cracks 
is smaller when the CLC mechanism is used. This may indicate that part of 
the stress generated during the cutting process is absorbed by the deformation 
of the cantilever beam.  
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CHAPTER 5: SUMMARIZE AND FUTURE WORK 
 
5.1 Summarize of this document 
 
In this paper, the development of a non-rigid cutting mechanism used for the 
machining of materials in micro-scale is described. The control system of this 
mechanism is based on the control principle of the nano-cutting technique that 
uses an AFM mechanism for the positioning. The main reason to develop this kind 
of mechanism is to implement a force control, which will allow the fabrication of 
micro-scale grooves with constant cutting depth even in inclined, curved, or with a 
more complex topology surface. This system may also help in the compensation of 
errors in the machine tool where the cutting mechanism will be mounted. For 
facility, the description of this paper will be done for each chapter.  
 
In the chapter 1, it is described the importance of the micro-scale manufacture, the 
multiple techniques available for it and its multiple applications on different 
industrial fields. The background of this research is briefly presented, where 
several techniques has been developed to solve some of the problematic proposed 
for this system. The objective and the flow of this research is also described. 
 
In the chapter 2, the development of the non-rigid cutting mechanism was 
described. This system is based on the control principle of the nano-cutting systems 
that uses an AFM mechanism. Unlike common AFM systems, this mechanism was 
designed to have a larger manufacturing area, on the order of several square 
centimeters, provided by a 3-axis machine tool. To estimate the cutting forces 
present during the process this cutting mechanism uses the optical lever method. 
This mechanism allows the estimation of the normal cutting force by measuring 
the flexion of the cantilever beam under the influence of the contact between the 
tool and the workpiece, even if the cutting process is performed in forward, 
backward or lateral cutting direction. However, when the cutting is performed in 
the lateral direction, the cantilever beam exhibits deformation due to torsion at its 
tip, allowing the estimation of both components of the total cutting force. 
 
The main components of this mechanism are:  
 A single cantilever beam (cantilever with different geometries where 
fabricated) 
 A diamond tool chip (mounted at the tip of the cantilever) 
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 An optical lever arrangement (to measure the deformation of the cantilever 
during the cutting process) 
 A PI controller and a voltage amplifier (to give the signal to the fine actuator)  
 A piezoelectric actuator (element to implement fine positioning) 
 A LabVIEW interface (to control the motion of the machine tool) 
 A 3-axis machine tool (for positioning).  
 
Some of the conclusions obtained from the experiments conducted to evaluate the 
performance of this cutting mechanism are:  
 The fabrication of micro-scale grooves with a reasonable precision is possible 
with this non-rigid cutting mechanism.  
 Low cutting speed is recommended to avoid undesired vibration during the 
cutting process. 
 Two components of the total cutting force can be estimated with this 
mechanism when the cutting is performed in the lateral direction,.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
 When the cutting mechanism is mounted on a 3-axis machine tool, the 
fabrication of micro-grooves is possible on machinable areas up to several 
square centimeters and with micrometric precision.   
 The machining of micro-scale grooves in different types of materials is possible. 
The characteristics of each material define the cutting conditions for the 
fabrication of micro-grooves depending on the cantilever used.  
 
Unfortunately, it was not possible to implement the FFBC to this mechanism due 
to several factors related to the signal obtained from the optical lever sensor. Large 
amounts of noise from the motors was read during the motion of the machine. Also, 
the forward and backward directions carry a large momentum due to the 
interaction between the tool and the workpiece. The lateral direction shows the 
better conditions to implement the force feedback control system, however, the fact 
that in this mechanism may allow angular deformation in two directions, is not 
completely suggested for this purpose. Therefore, the development of a different 
mechanism was proposed, focusing on the improvement of the measurement 
system of the cantilever deformation. 
 
In chapter 3, the development of a second non-rigid cutting mechanism was 
described. This system was thought to measure linear deformation form the 
cantilever beam instead of angular deformation, make it more stable for the 
implementation of the force control. The components of this mechanism are 
(without considering the components mentioned in the described system): 
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 A parallel leaf spring cantilever beam 
 A linear displacement capacitive sensor (to measure the deformation of the 
cantilever during the cutting process) 
 
The rest of the components are already available from the previous mechanism. 
 
Several experiments were described in this chapter for the evaluation of the 
performance of this cutting mechanism. The following conclusions are drawn from 
the experimental results: 
 After several cutting experiments, it is possible to determine the best cutting 
conditions for this mechanism for the machining of ductile materials. The table 
5.1 summarizes this information.  
 
Table 5.1. Optimal cutting conditions for the non-rigid mechanism 
Tool characteristics 
Type Single-crystal diamond tool 
Shape V-shape 
Wedge angle 60[],90[] and 120[] 
Rake face angle 0[] and -15[] 
Inclination angle 0[] (orthogonal cutting) 
Cutting conditions 
Feed rate 50 [mm/min] (for ductile mats.) 
Max. indent. depth 40 [m] 
Others Multi-passes technique (to reduce lateral burr ) 
 
 Although the deformation of the cantilever beam is not completely linear, and 
therefore, the measurement carries a small error, this system shows better 
behavior for the implementation of the force control system.  
 The FFBC was implemented successfully. When the force control is active, it is 
possible to fabricate micro-grooves with constant cutting depth even on 
inclined or curved surfaces. These results can be extrapolated, allowing us to 
consider its possible application for the machining of micro-grooves in surfaces 
with more complex topologies. 
 A larger manufacturing area was achieved by mounting the cutting mechanism 
on a 3-axis machine tool. The control system helps improving the precision of 
the machine tool used, because the FFBC is able to compensate part of the 
geometric errors of the machine tool. However, it must be considered that the 
PZT stroke is the limit for this technology.  
 The fabrication of micro-grooves on different materials was also possible. 
However, depending on the characteristics of each material, the cutting 
conditions varies in order to achieve specific results during the machining. 
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 Very hard materials, such as stainless steel presents difficulty to increase the 
cutting depth even if the normal cutting force is large. Therefore, a 
recommendation is to increase the rigidity of the system.  
 
Finally, in chapter 4, it is discussed the advantage of using a non-rigid cutting 
mechanism for the machining of brittle materials. It is important to define the 
limitation of the non-rigid cutting mechanism; although it is predictable that this 
technology cannot be implemented under large cutting conditions, this mechanism 
show some convenient points ahead of conventional rigid mechanisms. For 
instance, experimentally it was observed that the non-rigid cutting mechanism 
presents better results for the machining of brittle materials in comparison to a 
conventional rigid system. Due to the fact that the cantilever beam exhibits a 
considerable amount of deformation during the cutting process, this not only allows 
the implementation of the force control system, but also helps in reducing the 
stress present in the vicinity of the cutting zone, where the tool and the workpiece 
interacts. This particular behavior is mostly convenient for the manufacturing of 
brittle materials. Several cutting experiments were performed on brittle materials, 
especially on glass. From these experiments it is possible to conclude the following 
statements: 
 
 The non-rigid cutting mechanism allows the fabrication of micro-scale grooves 
in different kind of glasses in ductile mode. In most of the cases, the critical 
cutting depth was defined.  
 Speed is an essential factor to obtain ductile mode cutting of brittle materials. 
Maximum feed rate recommended is 30 mm/min. If the cutting speed is high, 
even the system exhibits deformation, it seem that the system behaves like a 
common rigid cutting mechanism. To absorb the deformation, it seems that the 
cantilever beam requires slow and gradual deformation. 
 Micro-grooves were also created on other materials such as Si and SiC wafers. 
In these cases, the ductile mode cutting was achieved in maximum scales of 
hundreds of nano-meters. However, in some researches, it has been said that 
ductile mode cutting for such materials is almost impossible over few tens of 
nanometers and under strict environmental conditions. 
 
In order to understand more clearly the reason of this advantage, some simulations 
and cutting experiments were performed comparing the non-rigid cutting 
mechanism with a solid dummy which will simulate a conventional rigid 
mechanism. From those experiments it is possible to conclude the following: 
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 A rigid dummy, with a stiffness approximately 30 times larger than the 
cantilever beam used in the non-rigid mechanism, was used in cutting 
experiments for brittle materials. Using this mechanism, it was possible to 
achieve ductile mode cutting up to 1.6 m of cutting depth.  
 The non-rigid cutting mechanism allows the machining of brittle materials in 
even larger cutting depths, up to 4 m. This means that the rigidity of the 
mechanism directly the affect the stress intensity at the cutting zone. 
 Simple FEM simulations were performed to observe more clearly the effect of 
the use of a non-rigid mechanism in comparison with a conventional rigid 
system. From the results it is possible to observe that the deformation of the 
cantilever can reduce near 40% of the stress produced by a conventional rigid 
mechanism. Although the simulations conditions were defined for a semi-static 
simulation, the result shows that after certain point of deformation of the 
cantilever beam, the tool starts the removal of material. 
 A second method to observe this phenomenon, was the photoelastic analysis. 
With this analysis, when a transparent component is under the effect of a load 
and a ray of light is passed through it, the refraction of the light is analyzed by 
a polariscope and it shows the internal stress field of the material. From the 
cutting experiments, it was observed that the stress field was larger when the 
rigid body was used instead of the cantilever beam. This means that the 
deformation of the cantilever considerably reduces the stress generated in the 
cutting zone. 
 It was also observed that in the case where cracks were generated, commonly 
the size and amount of cracks is smaller when the CLC mechanism in 
comparison to the rigid system. This represents a very big advantage because 
the action of the cantilever beam helps reducing the propagation of cracks, even 
if the crack is already created, and considering that normally, once the crack is 
created, it is difficult to stop its propagation. 
 
The last cutting experiments performed on brittle materials consisted on 
implementing the FFBC for the machining of grooves in glass spheres. In this 
experiments, the capacity of this mechanism to apply the force feedback control 
system with the capacity of create micro-grooves in ductile mode were tested. The 
experiments showed that it is possible to combine both capacities, obtaining as 
result the machining of micro-scale grooves in a glass curved surface in ductile 
mode. When the FFBC was implemented, the maximum cutting depth achieved in 
soda lime glass was 1.05 m, which means that for larger cutting depths, the 
implementation of stiffer cantilever beams is necessary.  
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5.2 Future work 
 
There are several areas where this system can be improved. Some of the proposed 
future work for this system can be summarized in the following points: 
 Implementation of this mechanism for turning processes: As it is known, 
turning processes also has many applications on several industrial fields, then 
this cutting mechanism might be useful for the fabrication of precision patterns 
or complex fine machining in turned workpieces (fig. 5.1). 
 Implementation of this mechanism to multi-axis machines, such as industrial 
robots: A big advantage of this cutting mechanism is that it can be mounted on 
practically any machine, allowing us to consider to mount the cutting 
mechanism on industrial robots, which will provide several degrees of freedom, 
helping the cutting mechanism to increase the machine precision (fig. 5.2)   
 Implementation of a new positioning system: The system used until this 
moment as positioning mechanism has shown an acceptable behavior. However, 
if a system would count with better resolution or better dynamic characteristics, 
there would be a very good improvement in the characteristics of this system. 
Also, if the machine would achieve nano-metric resolution, the use of the PZT 
can be avoided and therefore the limitation of the fine positioning system. It is 
also convenient if the new positioning system has a fourth axis, which will help 
to increase the capacities of this cutting mechanism. 
 Complementation of the FFBC: Other systems can be applied to increase the 
precision of the machining for this cutting mechanism, such as vision systems 
to analyze directly the size of the micro-grooves that are being fabricated, or a 
second force control to analyze the compliance of the machine tool. 
 Improvement of the control interface: The current control interface was 
basically developed for the execution of simple and very well defined 
experiments. However it will be highly recommended to implement a more 
robust program that allows the machining of more complex structures and 
patterns, as well as for the implementation of extra axes, cutting mechanisms, 
between others.  
 Design of the cutting mechanism: It has been considered the re-design of the 
current cutting mechanism to achieve better results. For instance, one of the 
proposals is to reduce the cutting tools from diamond chips to only small 
diamond pieces, this will greatly help to increase the natural frequency of the 
system. It also must reduce the size of the whole cutting mechanism, and more 
simple analysis, estimations and simulations can be performed. The design of 
new cantilever beams is another topic to be considered, because not only 
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geometry, but different kinds of materials can be used for this purpose. It might 
be also possible to implement the FFBC on the cutting mechanism with a single 
cantilever beam. 
 Material consideration: Until this moment, the material of the workpiece has 
been always considered to be homogeneous, however, in the micro-scale regime, 
the effect of non-homogeneous regions on the material workpiece may 
represent large errors, especially if the force control is been used. It is 
necessary to study more deeply about the material effect in micro-cutting. 
 
 
Fig. 5.1. Schematic of the cutting mechanism mounted on lathe-type machine tool 
 
 
Fig. 5.2 Schematic of the cutting mechanism mounted on a industrial robot 
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